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t❤♦s❡ tr❛♥s❛❝t✐♦♥s t❤❛t ❛r❡ t❡r♠✐♥❛t❡❞✳ ▲♦♦❦✐♥❣ ❛t t❤❡ ✐♠♣❛❝t ♦❢ ✐♥♥♦✈❛✲
t✐♦♥ ♦♥ t❤❡ ❝r❡❛t✐♦♥ ❛♥❞ ❞❡str✉❝t✐♦♥ ♦❢ tr❛❞❡❞ ✈❛r✐❡t✐❡s ✭❝♦✉♥tr②✲♣r♦❞✉❝t
♣❛✐rs✮ ♠❡❛♥s ✇❡ ❛r❡ ❛❜❧❡ t♦ s❤❡❞ ❧✐❣❤t ♦♥ t❤❡ ♣r♦❝❡ss ❜② ✇❤✐❝❤ ✐♥♥♦✈❛t✐♦♥
✐♥❞✉❝❡s ❝❤✉r♥ ✐♥ ❡①♣♦rt❡❞ ♣r♦❞✉❝t✲❝♦✉♥tr② tr❛♥s❛❝t✐♦♥s ❛♥❞ ❤♦✇ t❤✐s ❝❛♥
❡①♣❧❛✐♥ ✇❤② ♣r❡✈✐♦✉s st✉❞✐❡s ❤❛✈❡ ♦♥❧② ❢♦✉♥❞ ❧✐♠✐t❡❞ ✐♠♣❛❝t ♦❢ ✐♥♥♦✈❛t✐♦♥
♦♥ t❤❡ ❡①t❡♥s✐✈❡ ♠❛r❣✐♥s ✭s❡❡ ❡✳❣✳ ❉❛♠✐❥❛♥ ❡t ❛❧✳ ✷✵✶✵✱ ❇❡❝❦❡r ❛♥❞ ❊❣❣❡r
✷✵✶✸ ❛♥❞ ▲♦ ❚✉r❝♦ ❛♥❞ ▼❛❣❣✐♦♥✐ ✷✵✶✺✮✳
❖✉r ❛♥❛❧②s✐s ✐s ❜❛s❡❞ ♦♥ ❛ ♣❛♥❡❧ ♦❢ ♦✈❡r ✷✼✱✵✵✵ ❋r❡♥❝❤ ♠❛♥✉❢❛❝t✉r✐♥❣
✜r♠s ❢♦r t❤❡ ♣❡r✐♦❞ ✶✾✾✾ t♦ ✷✵✵✼ ❛♥❞ ✐s t❤❡ r❡s✉❧t ♦❢ t❤❡ ♠❡r❣✐♥❣ ♦❢ ❢♦✉r
❞✐✛❡r❡♥t ❞❛t❛s❡ts✱ ✐♥❝❧✉❞✐♥❣ ❘✫❉ ❛❝t✐✈✐t✐❡s ❢r♦♠ t❤❡ ❋r❡♥❝❤ ▼✐♥✐str② ♦❢
❊❞✉❝❛t✐♦♥ ❛♥❞ ❘❡s❡❛r❝❤ ❛♥❞ tr❛♥s❛❝t✐♦♥✲❧❡✈❡❧ ❡①♣♦rt ❞❛t❛ ❢r♦♠ t❤❡ ❋r❡♥❝❤
❈✉st♦♠s ❛❣❡♥❝②✳ ❚❤❡ r✐❝❤♥❡ss ♦❢ ♦✉r ❞❛t❛ ♠❡❛♥s t❤❛t ✇❡ ❤❛✈❡ ✐♥❢♦r♠❛t✐♦♥
♦♥ t❤❡ ✐♥♥♦✈❛t✐♦♥ ❛❝t✐✈✐t✐❡s ♦❢ ❛ ❧❛r❣❡ ♥✉♠❜❡r ♦❢ ❋r❡♥❝❤ ✜r♠s ♦✈❡r ❛ ❝♦♥✲
s✐❞❡r❛❜❧❡ ♣❡r✐♦❞ ♦❢ t✐♠❡✳
❖✉r ❡♠♣✐r✐❝❛❧ str❛t❡❣② ❢♦❧❧♦✇s ▲❡❝❤♥❡r ✭✷✵✵✷✮ ❛♥❞ ❇❡❝❦❡r ❛♥❞ ❊❣❣❡r
✭✷✵✶✸✮ ❛♥❞ ❡♠♣❧♦②s ❛ ♣r♦♣❡♥s✐t② s❝♦r❡ ♠❛t❝❤✐♥❣ ✭P❙▼✮ ❛♥❞ ❞✐✛❡r❡♥❝❡✲✐♥✲
❞✐✛❡r❡♥❝❡ ✭❉✐❉✮ ❛♥❛❧②s✐s ✉s✐♥❣ ❞✐✛❡r❡♥t ♠❡❛s✉r❡s ♦❢ ✐♥♥♦✈❛t✐♦♥ ❛s ♠✉❧t✐♣❧❡
❣❛✐♥s✳
✷
tr❡❛t♠❡♥ts✳ ❚❤✐s ❛♣♣r♦❛❝❤ ❛❧❧♦✇s ✉s t♦ ❝♦♥tr♦❧ ❢♦r ❝♦♥❢♦✉♥❞✐♥❣ ❢❛❝t♦rs t❤❛t
❛✛❡❝t ✐♥♥♦✈❛t♦rs ❛♥❞ ♥♦♥✲✐♥♥♦✈❛t♦rs ✭❡✳❣✳ ♣♦❧✐❝✐❡s t❤❛t ❛✛❡❝t ♦♥❧② ❝❡rt❛✐♥
s❡❝t♦rs✮✱ s❡❧❡❝t✐♦♥ ♦♥ ♦❜s❡r✈❛❜❧❡s ❜② ❝♦♥tr♦❧❧✐♥❣ ❢♦r ✜r♠ ❝❤❛r❛❝t❡r✐st✐❝s✱ ❛♥❞
✉♥♦❜s❡r✈❛❜❧❡ t✐♠❡ ✐♥✈❛r✐❛♥t ✜r♠ ❤❡t❡r♦❣❡♥❡✐t② ✭❇❧✉♥❞❡❧❧ ❛♥❞ ❉✐❛s ✷✵✵✾✮✳
■♥ ❛ P❙▼ ❝♦♥t❡①t✱ ♦✉r r❡❧❛t✐✈❡❧② ❧❛r❣❡ s❛♠♣❧❡ s✐③❡ ❛♥❞ ❧♦♥❣ t✐♠❡ ♣❡r✐♦❞
♠❡❛♥✱ ❢♦r t❤❡ ✜rst t✐♠❡✱ ✇❡ ❛r❡ ❛❜❧❡ t♦ ❢♦❝✉s ♦♥ ❡①♣♦rt✐♥❣ ✜r♠s t❤❛t s✇✐t❝❤
❢r♦♠ ❞♦✐♥❣ ♥♦ ✐♥♥♦✈❛t✐♦♥ r❡❧❛t❡❞ ❛❝t✐✈✐t✐❡s t♦ t❤♦s❡ t❤❛t st❛rt t♦ ❡♥❣❛❣❡ ✐♥
t❤❡ ✐♥♥♦✈❛t✐♦♥ ♣r♦❝❡ss✳ ❚❤✐s ♠❡❛♥s ✇❡ ❛r❡ ❛❜❧❡ t♦ ✐♥✈❡st✐❣❛t❡ t❤❡ ❡✛❡❝t ♦❢
✐♥♥♦✈❛t✐♦♥ ♦♥ ❢✉t✉r❡ ❡①♣♦rt ♣❡r❢♦r♠❛♥❝❡ ✇✐t❤♦✉t ❝♦♥❝❡r♥ ❢♦r t❤❡ ✐♠♣❛❝t
♦❢ ♣r❡✈✐♦✉s ✐♥♥♦✈❛t✐♦♥ ♦r ❛❝❝✉♠✉❧❛t❡❞ ✐♥♥♦✈❛t✐♦♥ ❦♥♦✇❧❡❞❣❡ ♦♥ ❡①♣♦rts✳
❇② r❡str✐❝t✐♥❣ ♦✉r s❛♠♣❧❡ t♦ ❡①✐st✐♥❣ ❡①♣♦rt❡rs ✇❡ ❛r❡ ❛❜❧❡ t♦ ❡①❛♠✐♥❡ ❤♦✇
✐♥♥♦✈❛t✐♦♥ ✐♥❝r❡❛s❡s ♦r ❞❡❝r❡❛s❡s ❢✉t✉r❡ ❡①♣♦rts✳ ❲❤✐❧❡ ♣r❡✈✐♦✉s ❡①♣♦rt ❡①✲
♣❡r✐❡♥❝❡ ♠❛② ❜❡ t❤❡ ❝❛✉s❡ ♦❢ ✐♥♥♦✈❛t✐♦♥✱ ❜❡❝❛✉s❡ ❛❧❧ ✜r♠s ✐♥ t❤❡ s❛♠♣❧❡ ❛r❡
❡①♣♦rt❡rs✱ ✐t ♠❡❛♥s ✇❡ ❛r❡ ❛❜❧❡ t♦ ❡st✐♠❛t❡ t❤❡ ✐♠♣❛❝t ♦❢ ✐♥♥♦✈❛t✐♦♥ ♦♥ t❤❡
✐♥t❡♥s✐✈❡ ♠❛r❣✐♥ ✇❤✐❝❤ ✇♦✉❧❞ ♥♦t ❜❡ ♣♦ss✐❜❧❡ ❢♦r ♥❡✇ ❡①♣♦rt st❛rt❡rs ✇❤❡r❡
❛❝❝♦r❞✐♥❣ t♦ ♦✉r ♠❡❛s✉r❡♠❡♥t ♦❢ t❤❡ ✐♥t❡♥s✐✈❡ ♠❛r❣✐♥✱ t❤❡ ✈❛❧✉❡ ✇♦✉❧❞ ❜❡
③❡r♦ ❜② ❞❡✜♥✐t✐♦♥✳ ■♥ ❛❞❞✐t✐♦♥✱ ✇❡ ♠✐t✐❣❛t❡ ❝♦♥❝❡r♥s ♦❢ r❡✈❡rs❡ ❝❛✉s❛❧✐t②
s✐♥❝❡ ❛❧❧ ♦❢ ♦✉r ✜r♠s ❛r❡ ❡①♣♦rt❡rs ❛♥❞ t❤❡ ♠❛t❝❤✐♥❣ ♣r♦❝❡ss ❝♦♥tr♦❧s ❢♦r
♣r❡✈✐♦✉s ❡①♣♦rt ✐♥t❡♥s✐t② ❛♥❞ ♦t❤❡r ✜r♠ ❝❤❛r❛❝t❡r✐st✐❝s✳
❆ ❢✉rt❤❡r ❝♦♥tr✐❜✉t✐♦♥ ✐s ♦✉r ♠❡❛s✉r❡♠❡♥t ♦❢ ✐♥♥♦✈❛t✐♦♥✳ ❖✉r ❞❛t❛ ❛❧✲
❧♦✇ ✉s t♦ ❝♦♥s✐❞❡r ✐♥♥♦✈❛t✐♦♥ ❜♦t❤ ❛s ❛♥ ✐♥♣✉t ❛♥❞ ❛s ❛♥ ♦✉t♣✉t ♠❡❛s✉r❡✳
■t ❝❛♥ ❜❡ ❛r❣✉❡❞ t❤❛t ♠❡❛s✉r❡s ♦❢ ✐♥♥♦✈❛t✐♦♥ ♦✉t♣✉t ✭♣r♦❞✉❝t ❛♥❞ ♣r♦❝❡ss
✐♥♥♦✈❛t✐♦♥✮ ♠♦r❡ ❛❝❝✉r❛t❡❧② ❝❛♣t✉r❡ t❤❡ ❧✐♥❦ ❜❡t✇❡❡♥ ✐♥♥♦✈❛t✐♦♥ ❛♥❞ ❡①✲
♣♦rt ♣❡r❢♦r♠❛♥❝❡ ❜② ♣r♦✈✐❞✐♥❣ ❛ ❞✐r❡❝t ❝❤❛♥♥❡❧ ❜② ✇❤✐❝❤ t❤❡ ❝♦♠♠❡r❝✐❛❧
❛❞♦♣t✐♦♥ ♦❢ ❛ ♣❛rt✐❝✉❧❛r ✐♥♥♦✈❛t✐♦♥ ❛✛❡❝ts ❡①♣♦rts✳ ❚❤✐s ❛❧❧♦✇s ✉s t♦ ❝❛♣✲
t✉r❡✱ t♦ ❛ ❝❡rt❛✐♥ ❡①t❡♥t✱ t❤❡ s✉❝❝❡ss❢✉❧ ♦✉t♣✉t ♦❢ t❤❡ ✐♥♥♦✈❛t✐♦♥ ♣r♦❝❡ss
✭❑❧❡✐♥❦♥❡❝❤t ❡t ❛❧✳ ✷✵✵✷✮✳ ❲❡ ❛r❡ ❛❧s♦ ❛❜❧❡ t♦ ♠❡❛s✉r❡ ♣r♦❞✉❝t ❛♥❞ ♣r♦❝❡ss
✐♥♥♦✈❛t✐♦♥ s❡♣❛r❛t❡❧② ❛s ❝♦♠❜✐♥✐♥❣ t❤❡♠ ✐s r❛t❤❡r ❝r✉❞❡ ❣✐✈❡♥ t❤❡ ❞✐✛❡r✲
✸
❡♥❝❡s ✐♥ t❤❡ ✉♥❞❡r❧②✐♥❣ ❡❝♦♥♦♠✐❝ ♠❡❝❤❛♥✐s♠s ✭❑❧❡♣♣❡r ✶✾✾✻✮✳ ❈r✉❝✐❛❧❧②✱
t❤❡ ✐♥tr♦❞✉❝t✐♦♥ ♦❢ ♥❡✇ ♣r♦❞✉❝ts ❛♥❞ ♣r♦❝❡ss❡s ❝❛♥ ❜❡ ❛ ❞✐sr✉♣t✐✈❡ ♣r♦❝❡ss
♦❢ tr❛♥s❢♦r♠❛t✐♦♥ ❢♦r ❛ ♠❛♥✉❢❛❝t✉r✐♥❣ ✜r♠✳ ❆s ■s♦❣❛✇❛ ❡t ❛❧✳ ✭✷✵✶✷✮ ♣♦✐♥t
♦✉t✱ t❤❡ ❞❡✈❡❧♦♣♠❡♥t ♦❢ ♥❡✇ ♣r♦❝❡ss❡s ♦r ♣r♦❞✉❝ts ♠❛② t❡♠♣♦r❛r✐❧② r❡❞✉❝❡
t❤❡ ✈❛❧✉❡ ♦❢ ❞♦♠❡st✐❝ ❛♥❞ ❢♦r❡✐❣♥ s❛❧❡s ❛s ❛ r❡s✉❧t ♦❢ t❤❡ ❝♦sts ♦❢ ❛❞❛♣t❛✲
t✐♦♥✱ ❝❛♥♥✐❜❛❧✐s❛t✐♦♥ ♦❢ s❛❧❡s ♦❢ ♦❧❞❡r ✈❛r✐❡t✐❡s ♦❢ ❛ ♣r♦❞✉❝t ♦r ❝❤❛♥❣❡s t♦
t❤❡ ♣r♦❞✉❝t✐♦♥ ♣r♦❝❡ss✱ ❛♥❞ ✐s ♦❢t❡♥ ✉s❡❞ ❛s ❛♥ ❡①♣❧❛♥❛t✐♦♥ ❢♦r ❛ ❞❡❧❛②❡❞
❡✛❡❝t ♦❢ ✐♥♥♦✈❛t✐♦♥ ♦♥ t♦t❛❧ s❛❧❡s✳ ▲✐❦❡✇✐s❡✱ ✐❢ ❛ ♣r♦❞✉❝t ✐s ♦♥❧② ♥❡✇ t♦ ❛
✜r♠ ❜✉t ♥♦t t♦ t❤❡ ♠❛r❦❡t t❤❡♥ t❤❡ ❝♦♠♣❛♥② ♠❛② ❤❛✈❡ t♦ ❧♦✇❡r ♣r✐❝❡s ✐♥
t❤❡ s❤♦rt t❡r♠ t♦ ❣❛✐♥ ♠❛r❦❡t s❤❛r❡ ✐♠♣❛❝t✐♥❣ t❤❡ ✐♥t❡♥s✐✈❡ ♠❛r❣✐♥✳✷
❍♦✇❡✈❡r✱ ❛ ❞r❛✇❜❛❝❦ ♦❢ ✉s✐♥❣ ♦✉t♣✉t ♠❡❛s✉r❡s ♦❢ ❘✫❉ ✐s t❤❛t t❤❡ r❡✲
♣♦rt✐♥❣ ♦❢ ♣r♦❞✉❝t ❛♥❞ ♣r♦❝❡ss ✐♥♥♦✈❛t✐♦♥ ✐♥❝❧✉❞❡s ❛ ❞❡❣r❡❡ ♦❢ s✉❜❥❡❝t✐✈✐t②✳
❍❡♥❝❡✱ ✇❡ ❛❧s♦ ✐♥❝❧✉❞❡ t♦t❛❧ ❘✫❉ ❡①♣❡♥❞✐t✉r❡ ✭❛♥ ✐♥♣✉t ♠❡❛s✉r❡✮✳ ■♥ ❛❞✲
❞✐t✐♦♥ t♦ ♥♦t ❜❡✐♥❣ s✉❜❥❡❝t✐✈❡✱ ♥♦t ❛❝❝♦✉♥t✐♥❣ ❢♦r t♦t❛❧ ❘✫❉ ❡①♣❡♥❞✐t✉r❡
♠❛② ✉♥❞❡r❡st✐♠❛t❡ t❤❡ ♦✈❡r❛❧❧ ❡✛❡❝t ♦❢ ✐♥♥♦✈❛t✐♦♥ ♦♥ ❡①♣♦rts ❛s ❘✫❉ ❡①✲
♣❡♥❞✐t✉r❡ s❤♦✉❧❞ ✐♠♣r♦✈❡ ❛ ✜r♠s✬ st♦❝❦ ♦❢ ❦♥♦✇❧❡❞❣❡ ❛♥❞ ❤✉♠❛♥ ❝❛♣✐t❛❧
❡✈❡♥ ✐❢ ✐t ❞♦❡s ♥♦t r❡s✉❧t ✐♥ t❤❡ ✐♥tr♦❞✉❝t✐♦♥ ♦❢ ❛ ♥❡✇ ✐♥♥♦✈❛t✐♦♥ ✭▼♦❤♥❡♥
❛♥❞ ❍❛❧❧ ✷✵✶✸✮✳✸
❲❤✐❧❡ t❤❡♦r❡t✐❝❛❧ ♣r❡❞✐❝t✐♦♥s ♦♥ ❤♦✇ ✐♥♥♦✈❛t✐♦♥ ♠❛② ❛✛❡❝t ❡①♣♦rt ♠❛r✲
❣✐♥s ❛r❡ ❧✐♠✐t❡❞✱ t❤❡r❡ ❛r❡ ❛ ♥✉♠❜❡r ♦❢ ♣♦ss✐❜❧❡ ♠❡❝❤❛♥✐s♠s ❜② ✇❤✐❝❤ ✇❡
♠✐❣❤t ❡①♣❡❝t ✐♥♥♦✈❛t✐♦♥ t♦ ✐♥✢✉❡♥❝❡ ❡①♣♦rt ❜❡❤❛✈✐♦r ❛♥❞ ✇❤② ✐♥♥♦✈❛t✐♦♥
❝♦✉❧❞ ❧❡❛❞ t♦ ❡✐t❤❡r ❛♥ ✐♥❝r❡❛s❡ ♦r ❞❡❝r❡❛s❡ ✐♥ ❡①♣♦rts✱ ❞r✐✈❡♥ ❜② ❡✐t❤❡r
❝❤❛♥❣❡s ✐♥ t❤❡ ✐♥t❡♥s✐✈❡ ♦r ❡①t❡♥s✐✈❡ ❡①♣♦rt ♠❛r❣✐♥s✳ ■♥ t❡r♠s ♦❢ t❤❡ ✐♥✲
t❡♥s✐✈❡ ♠❛r❣✐♥ t❤❛t ❝❛♣t✉r❡s t❤❡ ✈❛❧✉❡ ♦❢ ❡①✐st✐♥❣ ❝♦✉♥tr②✲♣r♦❞✉❝t ❡①♣♦rt
✷❉❡✜♥✐t✐♦♥s ♦❢ ♣r♦❞✉❝t ❛♥❞ ♣r♦❝❡ss ✐♥♥♦✈❛t✐♦♥ ❛r❡ ♣r♦✈✐❞❡❞ ✐♥ t❤❡ ❞❛t❛ s❡❝t✐♦♥✳
✸❙t✉❞✐❡s t❤❛t ✉s❡ ✜r♠ ❧❡✈❡❧ s✉r✈❡②s t♦ ❝❛♣t✉r❡ ✐♥♥♦✈❛t✐♦♥ ♦✉t♣✉ts ✐♥❝❧✉❞❡ ❲❛❦❡❧✐♥
✭✶✾✾✽✮✱ ❑❧❡✐♥❦♥❡❝❤t ❡t ❛❧✳ ✭✷✵✵✷✮✱ ❈❛ss✐♠❛♥ ❛♥❞ ●♦❧♦✈❦♦ ✭✷✵✵✼✮✱ ❈❤❡♥ ✭✷✵✶✸✮ ❛♥❞ ❇❡❝❦❡r
❛♥❞ ❊❣❣❡r ✭✷✵✶✸✮ ✇❤✐❧❡ st✉❞✐❡s t❤❛t ✉s❡ ❘✫❉ ❡①♣❡♥❞✐t✉r❡ ❛s ❛ ♣r♦①② ❢♦r ✐♥♥♦✈❛t✐♦♥
✐♥❝❧✉❞❡s ❇r❛✉♥❡r❤❥❡❧♠ ✭✶✾✾✻✮ ❛♥❞ ❇❛s✐❧❡ ✭✷✵✵✶✮✳
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s❤✐♣♠❡♥ts✱ t❤❡ ❞❡✈❡❧♦♣♠❡♥t ♦❢ ❛ ♥❡✇ ✈❛r✐❡t② ♦❢ ❛♥ ❡①✐st✐♥❣ ♣r♦❞✉❝t✱ ❢♦r ❡①✲
❛♠♣❧❡ ♦❢ ❛ ❤✐❣❤❡r q✉❛❧✐t② ♦r ♠♦r❡ ❝❛r❡❢✉❧❧② t❛✐❧♦r❡❞ t♦ ❧♦❝❛❧ t❛st❡s ✭♣❡r❤❛♣s
t❛❦✐♥❣ ✐♥t♦ ❛❝❝♦✉♥t r❡❣✐♦♥❛❧ ❤❡t❡r♦❣❡♥❡✐t② ✇✐t❤✐♥ ❛ ❝♦✉♥tr②✮✱ ♠❛② ❞❡❡♣❡♥
❛♥ ❡①✐st✐♥❣ tr❛❞❡ r❡❧❛t✐♦♥s❤✐♣✳
❍♦✇❡✈❡r✱ t❤✐s ♣r♦❝❡ss ♠❛② ❧❡❛❞ t❤❡ ✜r♠ t♦ r❡❞✉❝❡ ✐ts ❡①♣♦rts ♦❢ t❤❡
♣r❡✈✐♦✉s ✈❡rs✐♦♥ ♦❢ t❤❡ ♣r♦❞✉❝t t♦ t❤❛t ❝♦✉♥tr② ♦r t♦ r❡❞✉❝❡ t❤❡ ❡①♣♦rts ♦❢
♦t❤❡r ❧❡❣❛❝② ♣r♦❞✉❝ts t♦ t❤❡ s❛♠❡ ❝♦✉♥tr② ✭❝❛♥♥✐❜❛❧✐③❛t✐♦♥ ❡✛❡❝t✮✳ ■♥ ❜♦t❤
❝❛s❡s t❤❡② ✇♦✉❧❞ ♥❡❣❛t✐✈❡❧② ✐♠♣❛❝t t❤❡ ✐♥t❡♥s✐✈❡ ♠❛r❣✐♥ ✭✐❢ t❤❡ ✈❛❧✉❡ ♦❢
❡①♣♦rts ♦❢ t❤❡ ♥❡✇ ✈❛r✐❡t② ❛r❡ ♦✉t✇❡✐❣❤❡❞ ❜② t❤❡ r❡❞✉❝❡❞ ❡①♣♦rts ♦❢ ♦t❤❡r
♣r❡✈✐♦✉s❧② tr❛❞❡❞ ✈❛r✐❡t✐❡s t♦ t❤❡ s❛♠❡ ❝♦✉♥tr②✮✳ ❚❤❡ r❡s✉❧t ✐s t❤❛t ✐♥♥♦✈❛✲
t✐♦♥ ❝❛♥ ❜❡ ❝♦♥s✐❞❡r❡❞✱ ❜② ✐ts ♥❛t✉r❡✱ ❛ ❢♦r❝❡ ♦❢ ✧❝r❡❛t✐✈❡ ❞❡str✉❝t✐♦♥✧ ✇✐t❤
t❤❡ ✐♥tr♦❞✉❝t✐♦♥ ♦❢ ♥❡✇ ♣r♦❞✉❝ts ♦❢t❡♥ r❡♣❧❛❝✐♥❣ ♣r❡✈✐♦✉s ✈❡rs✐♦♥s ♦❢ ❛♥
❡①✐st✐♥❣ ♣r♦❞✉❝t ♦r ♦t❤❡r s✐♠✐❧❛r r❡❧❛t❡❞ ♣r♦❞✉❝ts✳ ❚❤✐s✱ ✐♥ t✉r♥✱ ♠❛② ♦♣❡♥
✉♣ ♥❡✇ ♠❛r❦❡ts ❛♥❞ ❤❡♥❝❡ ❝❤✉r♥s tr❛♥s❛❝t✐♦♥s t♦ ♦t❤❡r ♠❛r❦❡ts ❛s ✜r♠s
s❡❡❦ t♦ ♠❛①✐♠✐s❡ ♣r♦✜ts✱ ✐♥❝r❡❛s❡ ♠❛r❦❡t s❤❛r❡ ❛♥❞ ✉❧t✐♠❛t❡❧② s✉r✈✐✈❡ ✐♥
❛♥ ✐♥❝r❡❛s✐♥❣❧② ❝♦♠♣❡t✐t✐✈❡ ❡♥✈✐r♦♥♠❡♥t ✭❙❝❤✉♠♣❡t❡r ✶✾✹✷✮✳
■♥ t❡r♠s ♦❢ t❤❡ ❡①t❡♥s✐✈❡ ♠❛r❣✐♥s✱ ❛ s✐♠✐❧❛r ♠❡❝❤❛♥✐s♠ ♠❛② ♣❧❛② ♦✉t
✇❤❡r❡❜② ✐♥♥♦✈❛t✐♦♥ ❧❡❛❞s t♦ t❤❡ ✐♥tr♦❞✉❝t✐♦♥ ♦❢ ❛ ♥❡✇ ✈❛r✐❡t② ♦❢ ❛♥ ❡①✲
✐st✐♥❣ ♣r♦❞✉❝t t❤❛t ♠❛② ❜❡ ❛✐♠❡❞ ❛t ❛ ♥❡✇ ❢♦r❡✐❣♥ ♠❛r❦❡t✱ s✉❝❤ t❤❛t t❤❡
❝♦✉♥tr② ❡①t❡♥s✐✈❡ ♠❛r❣✐♥ ✐♥❝r❡❛s❡s ❢♦❧❧♦✇✐♥❣ ✐♥♥♦✈❛t✐♦♥✳ ❍♦✇❡✈❡r✱ ✐t ♠✐❣❤t
❜❡ t❤❛t t❤❡ ♥❡✇ ♠❛r❦❡t ✐s ❛ ❤✐❣❤ ♠❛r❣✐♥ ❞❡✈❡❧♦♣❡❞ ❝♦✉♥tr② ❛♥❞ t❤❛t t❤❡
✜r♠ ✉s❡s ❡①♣❛♥s✐♦♥ t♦ t❤✐s ♥❡✇ ♠❛r❦❡t ❛s ❛ r❡❛s♦♥ t♦ ❡①✐t ❤✐❣❤ ✈♦❧✉♠❡✱
❧♦✇ ♠❛r❣✐♥ ❡①♣♦rts t♦ ❧♦✇ ✐♥❝♦♠❡ ❝♦✉♥tr✐❡s✳ ❆s ❜❡❢♦r❡✱ t❤❡ ♦✈❡r❛❧❧ ❡✛❡❝t
✐s ❛♠❜✐❣✉♦✉s✳ ■♥♥♦✈❛t✐♦♥ ♠❛② r❡s✉❧t ✐♥ ✜r♠s r❡❞✉❝✐♥❣ ❡①♣♦rts ♦❢ ❧❡❣❛❝②
♣r♦❞✉❝ts t♦ ❛ r❛♥❣❡ ♦❢ ❝♦✉♥tr✐❡s ❧❡❛❞✐♥❣ t♦ ❛ r❡❞✉❝t✐♦♥ ✐♥ ❜♦t❤ ❡①t❡♥s✐✈❡
♠❛r❣✐♥s✳ ❆❧♦♥❣s✐❞❡ t❤❡ ❝❤❛♥♥❡❧s ❜② ✇❤✐❝❤ ✐♥♥♦✈❛t✐♦♥ ❝❛♥ ❛✛❡❝t ❡①♣♦rt✐♥❣
✐s t❤❡ ♥♦t✐♦♥ t❤❛t ✜r♠s ✇✐❧❧ ♦❢t❡♥ st❛rt s♠❛❧❧ ✭❡①♣❡r✐♠❡♥t✮ ✇❤❡♥ ❡①♣♦rt✐♥❣
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❛ ♥❡✇ ♣r♦❞✉❝t ❛♥❞ t❤❡♥ ❣r♦✇ t❤❡s❡ ♦✈❡r t✐♠❡ ✇✐t❤ ❧♦✇ ✈♦❧✉♠❡ ❡①♣♦rts ♦❢
♥❡✇ ♣r♦❞✉❝ts ♣♦t❡♥t✐❛❧❧② r❡♣❧❛❝✐♥❣ ❧❛r❣❡ ❡①♣♦rt ✈♦❧✉♠❡s ❢♦r ❧❡❣❛❝② ♣r♦❞✉❝ts
✇❤✐❝❤ ❛r❡ t❤❡♥ ✇♦✉♥❞ ❞♦✇♥ ❡✐t❤❡r s❧♦✇❧② ♦r s♦♠❡t✐♠❡s ❛❜r✉♣t❧② ✭❆❧❜♦r♥♦③
❡t ❛❧✳ ✷✵✶✷✮✳ ❲❤✐❝❤ ♦❢ t❤❡s❡ ❝❤❛♥♥❡❧s ❤♦❧❞s ❢♦r t❤❡ ❝❛s❡ ♦❢ ❋r❛♥❝❡ ✐♥ ✉❧t✐✲
♠❛t❡❧② ❛♥ ❡♠♣✐r✐❝❛❧ q✉❡st✐♦♥ ❛♥❞ ✐s t❤❡ ❢♦❝✉s ♦❢ t❤✐s ♣❛♣❡r✳
❆ ❜r✐❡❢ r❡✈✐❡✇ ♦❢ t❤❡ r❡❧❛t✐✈❡❧② s❝❛r❝❡ ❡♠♣✐r✐❝❛❧ ❧✐t❡r❛t✉r❡ s❤♦✇s t❤❛t✱
♠❡t❤♦❞♦❧♦❣✐❝❛❧❧②✱ ❛ s♠❛❧❧ ♥✉♠❜❡r ♦❢ ♣❛♣❡rs t❛❦❡ ❛ s✐♠✐❧❛r ❛♣♣r♦❛❝❤ t♦ ♦✉r
♦✇♥✳ ❋♦r ❡①❛♠♣❧❡✱ ❇❡❝❦❡r ❛♥❞ ❊❣❣❡r ✭✷✵✶✸✮ ❛❧s♦ ✉s❡ ❛ P❙▼ ❛♣♣r♦❛❝❤ ✇✐t❤
♠✉❧t✐♣❧❡ tr❡❛t♠❡♥ts ✉s✐♥❣ ●❡r♠❛♥ ✜r♠ ❧❡✈❡❧ ❞❛t❛ ♦✈❡r ✸ ②❡❛rs ✇✐t❤ ♦♥❡
②❡❛r ♦❢ ✐♥♥♦✈❛t✐♦♥ ❞❛t❛ ❛♥❞ ✜♥❞ ❛ str♦♥❣ ♣♦s✐t✐✈❡ ❡✛❡❝t ♦❢ ♣r♦❞✉❝t ✐♥♥♦✲
✈❛t✐♦♥ ♦♥ t❤❡ ♣r♦♣❡♥s✐t② t♦ ❡①♣♦rt✳ ❆ s✐♠✐❧❛r ❛♣♣r♦❛❝❤ ❜② ▲♦ ❚✉r❝♦ ❛♥❞
▼❛❣❣✐♦♥✐ ✭✷✵✶✺✮✱ ❛❧s♦ ✇✐t❤ ♦♥❡ ②❡❛r ♦❢ ✐♥♥♦✈❛t✐♦♥ ❞❛t❛✱ ✜♥❞s t❤❛t ✐♥♥♦✲
✈❛t✐♦♥ ❤❛s ❛ ♣♦s✐t✐✈❡ ❡✛❡❝t ♦♥ ❡①♣♦rt ♣❛rt✐❝✐♣❛t✐♦♥ ❜✉t ♥♦t ♥❡❝❡ss❛r✐❧② ♦♥
❡♥tr② ✐♥t♦ ♥❡✇ ❡①♣♦rt ♠❛r❦❡ts✳ ▲✐❦❡✇✐s❡✱ ❉❛♠✐❥❛♥ ❡t ❛❧✳ ✭✷✵✶✵✮ ❛❧s♦ ✜♥❞
t❤❛t t❤❡r❡ ✐s ♥♦ ❡✈✐❞❡♥❝❡ t❤❛t ✐♥♥♦✈❛t✐♦♥ ❤❛s ❛♥ ✐♠♣❛❝t ♦♥ ✜r♠s ❡♥t❡r✐♥❣
♥❡✇ ❡①♣♦rt ♠❛r❦❡ts✳✹
❍❡♥❝❡✱ t❤❡ ❡♠♣✐r✐❝❛❧ ❡✈✐❞❡♥❝❡ ✐s ♥♦t ❝♦♥❝❧✉s✐✈❡✳ ❆❧t❤♦✉❣❤ ✐♥♥♦✈❛t✐♦♥
❛♣♣❡❛rs t♦ ✐♥❝r❡❛s❡ t❤❡ ♣r♦❜❛❜✐❧✐t② ♦❢ ❡①♣♦rt✐♥❣✱ t❤❡r❡ ✐s ❧✐tt❧❡ r❡s❡❛r❝❤ ♦♥
❤♦✇ ✐♥♥♦✈❛t✐♦♥ ✐♠♣❛❝ts ❡①✐st✐♥❣ ❡①♣♦rt❡rs ❛♥❞ ✇❤❡t❤❡r ❛♥② ✐♥❝r❡❛s❡ ✐♥ ❡①✲
✹❙t✉❞✐❡s t❤❛t t❛❦❡ ❛ ♠♦r❡ tr❛❞✐t✐♦♥❛❧ ❡❝♦♥♦♠❡tr✐❝ ❛♣♣r♦❛❝❤ ✐♥❝❧✉❞❡ ■❛❝♦✈♦♥❡ ❛♥❞
❏❛✈♦r❝✐❦ ✭✷✵✶✷✮ ✇❤♦ s❤♦✇ t❤❛t ✜r♠s ❛♥t✐❝✐♣❛t✐♥❣ ❢✉t✉r❡ tr❛❞❡ ❧✐❜❡r❛❧✐s❛t✐♦♥ ✐♥✈❡st❡❞ ✐♥
q✉❛❧✐t② ✉♣❣r❛❞✐♥❣ ♦❢ ♣r♦❞✉❝ts t❛r❣❡t❡❞ ❛t ❡①♣♦rt ♠❛r❦❡ts ❛♥❞ ❈r✐s❝✉♦❧♦ ❡t ❛❧✳ ✭✷✵✶✵✮
✇❤♦ s❤♦✇ ❛ ♣♦s✐t✐✈❡ ❝♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ ✐♥♥♦✈❛t✐♦♥ ❛♥❞ ✐♥t❡r♥❛t✐♦♥❛❧✐s❛t✐♦♥✳ ❖t❤❡r
st✉❞✐❡s t♦ ✜♥❞ ❛ ♣♦s✐t✐✈❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ ❘✫❉ ❛♥❞ ❡①♣♦rt✐♥❣ ✐♥❝❧✉❞❡ ❇❧❡❛♥❡②
❛♥❞ ❲❛❦❡❧✐♥ ✭✷✵✵✷✮✱ ❘♦♣❡r ❛♥❞ ▲♦✈❡ ✭✷✵✵✷✮ ❛♥❞ ❍❛rr✐s ❛♥❞ ▲✐ ✭✷✵✵✾✮✱ ❈❛ss✐♠❛♥ ❡t ❛❧✳
✭✷✵✶✵✮ ❛♥❞ ❈❛ss✐♠❛♥ ❛♥❞ ●♦❧♦✈❦♦ ✭✷✵✶✶✮✳ ■♥ ❝♦♥tr❛st✱ ●❛♥♦t❛❦✐s ❛♥❞ ▲♦✈❡ ✭✷✵✶✶✮
✜♥❞ t❤❛t✱ ❝♦♥❞✐t✐♦♥❛❧ ✉♣♦♥ ❡♥t❡r✐♥❣ ❡①♣♦rt ♠❛r❦❡ts✱ ✐♥♥♦✈❛t✐♦♥ ❞♦❡s ♥♦t r❡s✉❧t ✐♥ ❛♥
✐♥❝r❡❛s❡ ✐♥ ❡①♣♦rt ✐♥t❡♥s✐t②✱ ❛ ✜♥❞✐♥❣ s❤❛r❡❞ ✇✐t❤ ❍❛rr✐s ❛♥❞ ▲✐ ✭✷✵✵✾✮✳ ❋✐♥❛❧❧②✱ ■s♦❣❛✇❛
❡t ❛❧✳ ✭✷✵✶✷✮ s❤♦✇ t❤❛t t❤❡ ✐♥tr♦❞✉❝t✐♦♥ ♦❢ ❛ ♥❡✇ ♣r♦❞✉❝t r❡❞✉❝❡s s❛❧❡s ♦❢ ❡①✐st✐♥❣
♣r♦❞✉❝ts ✐♥ t❤❡ s❤♦rt t❡r♠ ❜✉t ❢♦r ♥❡✇✲t♦✲♠❛r❦❡t ✐♥♥♦✈❛t✐♦♥ t❤❡② ✜♥❞ ❧❛r❣❡r s❛❧❡s ❛♥❞
❧❡ss ❝❛♥♥✐❜❛❧✐s❛t✐♦♥✱ ❡①♣❧❛✐♥✐♥❣ ✇❤② ✐♥♥♦✈❛t✐♦♥ ♠✐❣❤t ❤❛✈❡ ❛ ♠✐①❡❞ ❡✛❡❝t ♦♥ ❡①♣♦rts
❡s♣❡❝✐❛❧❧② ✐♥ t❤❡ s❤♦rt t❡r♠✳
✻
♣♦rts ✐s ❞r✐✈❡♥ ❜② t❤❡ ✐♥t❡♥s✐✈❡ ♦r ❡①t❡♥s✐✈❡ ♠❛r❣✐♥s✳
❚♦ ❜r✐❡✢② s✉♠♠❛r✐s❡ ♦✉r r❡s✉❧ts✱ ✇❡ ✜♥❞ t❤❛t ❞✐✛❡r❡♥t tr❛❞❡ ♠❛r❣✐♥s
r❡s♣♦♥❞ ✐♥ ❞✐✛❡r❡♥t ✇❛②s t♦ ✐♥♥♦✈❛t✐♦♥✳ ■♥ ❣❡♥❡r❛❧ ✇❡ ✜♥❞ t❤❛t r❡❧❛t✐✈❡
t♦ t❤❡ ❝♦♥tr♦❧ ❣r♦✉♣ ♦❢ ♥♦♥✲✐♥♥♦✈❛t♦rs✱ ❘✫❉ ❡①♣❡♥❞✐t✉r❡ ♣♦s✐t✐✈❡❧② ❛♥❞
s✐❣♥✐✜❝❛♥t❧② ✐♠♣❛❝ts t♦t❛❧ ❡①♣♦rts ✐♥ t❤❡ t❤r❡❡ ②❡❛rs ❢♦❧❧♦✇✐♥❣ t❤❡ ✐♥✐t✐❛❧
✐♥✈❡st♠❡♥t✱ ❞r✐✈❡♥ ♣r✐♠❛r✐❧② ❜② ♠❛✐♥t❛✐♥✐♥❣ t❤❡ ✈❛❧✉❡ ♦❢ ❡①✐st✐♥❣ ❡①♣♦rt
tr❛♥s❛❝t✐♦♥s ✭✐♥t❡♥s✐✈❡ ♠❛r❣✐♥✮✳ ❆❧t❤♦✉❣❤ ✇❡ ✜♥❞ ❛ r❡❧❛t✐✈❡ ❤✐❣❤❡r ♥✉♠✲
❜❡r ♦❢ ❝♦✉♥tr✐❡s s❡r✈❡❞ t✇♦ ②❡❛rs ❛❢t❡r ✐♥♥♦✈❛t✐♦♥ ❝♦♠♣❛r❡❞ t♦ t❤❡ ❝♦♥tr♦❧
❣r♦✉♣✱ ✇❡ ✜♥❞ ❧✐tt❧❡ ❡✈✐❞❡♥❝❡ t❤❛t t♦t❛❧ ❡①♣♦rts ❛r❡ ❞r✐✈❡♥ ❜② ❡①♣♦rt✐♥❣
❡✐t❤❡r ♥❡✇ ♣r♦❞✉❝ts ♦r ❜② s❡r✈✐♥❣ ♠♦r❡ ❝♦✉♥tr✐❡s ✭t❤❡ ❡①t❡♥s✐✈❡ ♠❛r❣✐♥s✮✳
❚♦ ✉♥❞❡rst❛♥❞ t❤❡ ❧❛❝❦ ♦❢ ❡✈✐❞❡♥❝❡ ♦♥ t❤❡ ❡①t❡♥s✐✈❡ ♠❛r❣✐♥ ✇❡ ❞✐s❡♥t❛♥✲
❣❧❡ ❝❤❛♥❣❡s ✐♥ ❡①♣♦rts ✐♥t♦ ♥❡✇ tr❛♥s❛❝t✐♦♥s ❛♥❞ t❡r♠✐♥❛t❡❞ tr❛♥s❛❝t✐♦♥s✳
❖✉r r❡s✉❧ts s❤♦✇ t❤❛t t❤❡ ❞❡❧❛②❡❞ ❡✛❡❝t ♦❢ ✐♥♥♦✈❛t✐♦♥ ♦♥ t♦t❛❧ ❡①♣♦rts ✐s
❞✉❡ t♦ t❤❡ ✈❛❧✉❡ ♦❢ ♥❡t tr❛❞❡ ✭♥❡✇ tr❛♥s❛❝t✐♦♥s ♠✐♥✉s t❡r♠✐♥❛t❡❞ tr❛♥s❛❝✲
t✐♦♥s✮ ❜❡✐♥❣ s✐♠✐❧❛r ❢♦r t❤❡ ❝♦♥tr♦❧ ❣r♦✉♣ r❡❧❛t✐✈❡ t♦ t❤❡ tr❡❛t❡❞ ❣r♦✉♣ ♦❢
✜r♠s✳ ❍♦✇❡✈❡r✱ ❛❢t❡r t✇♦ ②❡❛rs✱ t❤❡ ❞✐✛❡r❡♥❝❡ ✐♥ ♥❡t tr❛❞❡ ❝r❡❛t✐♦♥ ❜❡t✇❡❡♥
t❤❡ tr❡❛t❡❞ ❛♥❞ ❝♦♥tr♦❧ ❣r♦✉♣s ❜❡❝♦♠❡s ♣♦s✐t✐✈❡ ❛♥❞ s✐❣♥✐✜❝❛♥t✱ ❝♦♥s✐st❡♥t
✇✐t❤ ❛ ✧❝r❡❛t✐✈❡ ❞❡str✉❝t✐♦♥✧ ♠❡❝❤❛♥✐s♠✳ ■♥ ♣❛rt✐❝✉❧❛r✱ ❜② ✐♥♥♦✈❛t✐♥❣ ❛♥❞
r❡♣❧❛❝✐♥❣ ♦❜s♦❧❡t❡ ♣r♦❞✉❝ts ✇✐t❤ ♥❡✇ ♦♥❡s✱ ✐♥♥♦✈❛t✐♥❣ ❡①♣♦rt❡rs ❛r❡ ❛❜❧❡ t♦
♠❛✐♥t❛✐♥ t❤❡✐r ♠❛r❦❡t s❤❛r❡s ✐♥ ❢♦r❡✐❣♥ ♠❛r❦❡ts ✇❤✐❧❡ ♥♦♥✲✐♥♥♦✈❛t♦rs s❡❡
t❤❡✐r ❡①♣♦rts ❢❛❧❧✐♥❣✳ ❖✉r r❡s✉❧ts s✉❣❣❡st t❤❛t ❋r❡♥❝❤ ✜r♠s ♥❡❡❞ t♦ ✐♥♥♦✈❛t❡
t♦ ❡✛❡❝t✐✈❡❧② st❛♥❞ st✐❧❧ ❛♥❞ t❤❛t ❛ ❢❛✐❧✉r❡ t♦ ❞♦ s♦ ❝❛♥ ❤❛✈❡ ❛ s✐❣♥✐✜❝❛♥t
❛♥❞ ♥❡❣❛t✐✈❡ ✐♠♣❛❝t ♦♥ ❡①♣♦rts✳
❚❤❡ r❡♠✐♥❞❡r ♦❢ t❤❡ ♣❛♣❡r ✐s str✉❝t✉r❡❞ ❛s ❢♦❧❧♦✇s✳ ❙❡❝t✐♦♥ ✷ ♣r❡s❡♥ts
t❤❡ ❞❛t❛ ❛♥❞ ❞❡s❝r✐♣t✐✈❡ st❛t✐st✐❝s✳ ❙❡❝t✐♦♥ ✸ ❞❡s❝r✐❜❡s ♦✉r ♠❡t❤♦❞♦❧♦❣✐❝❛❧
❛♣♣r♦❛❝❤✳ ❘❡s✉❧ts ❛r❡ ❞✐s❝✉ss❡❞ ✐♥ s❡❝t✐♦♥ ✹ ❛♥❞ s❡❝t✐♦♥ ✺ ❝♦♥❝❧✉❞❡s✳
✼
✷ ❉❛t❛ ❉❡s❝r✐♣t✐♦♥
❚❤❡ ❞❛t❛ ❛r❡ ❝♦♥str✉❝t❡❞ ❢r♦♠ t❤❡ ♠❡r❣❡r ♦❢ ❢♦✉r ❞❛t❛s❡ts ♦♥ ❋r❡♥❝❤ ♠❛♥✲
✉❢❛❝t✉r✐♥❣ ✜r♠s ❢♦r t❤❡ ♣❡r✐♦❞ ✶✾✾✾ t♦ ✷✵✵✼✳ ❋✐r♠s✬ ❝❤❛r❛❝t❡r✐st✐❝s ❛r❡ ♦❜✲
t❛✐♥❡❞ ❢r♦♠ t❤❡ ❋r❡♥❝❤ ❇✉s✐♥❡ss ❙✉r✈❡② ✭❋❇❙✮ ❝♦♠♣❧❡t❡❞ ❜② t❤❡ ◆❛t✐♦♥❛❧
■♥st✐t✉t❡ ♦❢ ❙t❛t✐st✐❝s ❛♥❞ ❊❝♦♥♦♠✐❝ ❙t✉❞✐❡s ✭■◆❙❊❊✮✳ ❚❤✐s ❞❛t❛ ♣r♦✈✐❞❡s
❞❡t❛✐❧❡❞ ❜❛❧❛♥❝❡ s❤❡❡t ✐♥❢♦r♠❛t✐♦♥ ❢♦r ❋r❡♥❝❤ ✜r♠s ✇✐t❤ ♠♦r❡ t❤❛♥ ✷✵ ❡♠✲
♣❧♦②❡❡s✳ ❋✐r♠ ❝❤❛r❛❝t❡r✐st✐❝s ✐♥❝❧✉❞❡ t♦t❛❧ ♦✉t♣✉t✱ ❞♦♠❡st✐❝ ❛♥❞ ❢♦r❡✐❣♥
s❛❧❡s✱ ♥✉♠❜❡r ♦❢ ❡♠♣❧♦②❡❡s✱ s❛❧❛r✐❡s ♣❛✐❞✱ ❝♦st ♦❢ ✐♥t❡r♠❡❞✐❛t❡ ✐♥♣✉ts✱ ❝❛♣✐✲
t❛❧ st♦❝❦ ❛♥❞ ✐♥✈❡st♠❡♥ts ✐♥ ❜♦t❤ t❛♥❣✐❜❧❡ ❛♥❞ ✐♥t❛♥❣✐❜❧❡ ❛ss❡ts✳ ❚❤❡ ❋❇❙
❞❛t❛ ✐s t❤❡♥ ♠❡r❣❡❞ ✇✐t❤ t❤❡ ■◆❙❊❊ s✉r✈❡② ♦❢ ✜♥❛♥❝✐❛❧ r❡❧❛t✐♦♥s❤✐♣s ❜❡✲
t✇❡❡♥ ❡♥t❡r♣r✐s❡s ✭▲■❋■✮ ✇❤✐❝❤ ✐♥❝❧✉❞❡s ✐♥❢♦r♠❛t✐♦♥ ♦♥ ❢♦r❡✐❣♥ ♦✇♥❡rs❤✐♣
❛♥❞ ✇❤❡t❤❡r ❛ ✜r♠ ✐s ❛✣❧✐❛t❡❞ t♦ ❛ ❋r❡♥❝❤ ♦r ❛ ❢♦r❡✐❣♥ ❣r♦✉♣✳ ■♥ ❛ t❤✐r❞
st❛❣❡✱ ✇❡ ❝♦♠❜✐♥❡ t❤❡ ✜r♠ ❝❤❛r❛❝t❡r✐st✐❝ ❞❛t❛ ✇✐t❤ ✜r♠✲tr❛♥s❛❝t✐♦♥✲❧❡✈❡❧
❡①♣♦rt ❞❛t❛ ❝♦❧❧❡❝t❡❞ ❜② t❤❡ ❋r❡♥❝❤ ❈✉st♦♠s ❆❣❡♥❝② ✇❤✐❝❤ ♣r♦✈✐❞❡s ✽✲
❞✐❣✐t✲❧❡✈❡❧ ♣r♦❞✉❝t ❝♦❞❡s✱ t❤❡ ✈❛❧✉❡ ❛♥❞ ✈♦❧✉♠❡ ♦❢ ♠❛♥✉❢❛❝t✉r✐♥❣ ❡①♣♦rts
❛♥❞ ✐♥❢♦r♠❛t✐♦♥ ♦♥ ❡①♣♦rt ❞❡st✐♥❛t✐♦♥s✳✺
❚❤❡ ❜❡♥❡✜ts ♦❢ st✉❞②✐♥❣ ❋r❛♥❝❡ ❛r❡ t❤❛t✱ ❛s ✇❡❧❧ ❛s ❜❡✐♥❣ t❤❡ s❡❝♦♥❞
❧❛r❣❡st ❡①♣♦rt❡r ✐♥ t❤❡ ❊❯ ❛❢t❡r ●❡r♠❛♥② ✭✶✵✳✷✪ ♦❢ t♦t❛❧ ❡①tr❛✲❊❯ ❡①✲
♣♦rts✮✱ ✐t ❛❧s♦ ❞❡✈♦t❡s ❝♦♥s✐❞❡r❛❜❧❡ r❡s♦✉r❝❡s t♦ ❘✫❉ ❛❝t✐✈✐t✐❡s ✭❛♣♣r♦①✲
✐♠❛t❡❧② e✹✽ ❜✐❧❧✐♦♥ ✐♥ ✷✵✶✹ ✇❤✐❝❤ r❡♣r❡s❡♥ts ✷✳✷✻✪ ♦❢ ●❉P✮ ❛♥❞ r❛♥❦s
✺■♥❢♦r♠❛t✐♦♥ ✐s ❛✈❛✐❧❛❜❧❡ ❢♦r ❛❧❧ tr❛♥s❛❝t✐♦♥s ✇✐t❤ ❛ ✈❛❧✉❡ ❡①❝❡❡❞✐♥❣ e ✶✵✵✱✵✵✵ ❢♦r
tr❛❞❡ ✇✐t❤✐♥ t❤❡ ❊❯ ♦r ❡①❝❡❡❞✐♥❣ e ✶✱✵✵✵ ❢♦r tr❛❞❡ ♦✉ts✐❞❡ ♦❢ t❤❡ ❊❯✳ ❚❤❡ ❞❛t❛ ❝♦✈❡rs
♠♦r❡ t❤❛♥ ✾✵✪ ♦❢ ❋r❡♥❝❤ t♦t❛❧ ❡①♣♦rts ♦❢ ♠❛♥✉❢❛❝t✉r❡❞ ❣♦♦❞s✳ ❉✉r✐♥❣ ♦✉r ♣❡r✐♦❞ ♦❢
❛♥❛❧②s✐s t❤❡ t❤r❡s❤♦❧❞ ❢♦r ✐♥tr❛✲❊❯ ❡①♣♦rts ✇❛s ❝❤❛♥❣❡❞ t✇✐❝❡✳ ❯♥t✐❧ ✷✵✵✶ t❤❡ ✈❛❧✉❡
✇❛s e ✸✽✱✵✵✵ ✇❤✐❝❤ ✇❛s t❤❡♥ ✐♥❝r❡❛s❡❞ t♦ e ✶✵✵✱✵✵✵ ❛♥❞ ✐♥❝r❡❛s❡❞ ❛❣❛✐♥ ❛❢t❡r ✷✵✵✻
t♦ e ✶✺✵✱✵✵✵✳ ❋♦r ❡①tr❛✲❊❯ ❡①♣♦rts t❤❡ t❤r❡s❤♦❧❞ r❡♠❛✐♥❡❞ ✉♥❝❤❛♥❣❡❞✳ ▼❛②❡r ❛♥❞
❖tt❛✈✐❛♥♦ ✭✷✵✵✼✮ ♣♦✐♥t ♦✉t t❤❛t s♠❛❧❧ ❡①♣♦rt❡rs ❛❝❝♦✉♥t ❢♦r ♦♥❧② ❛ s♠❛❧❧ s❤❛r❡ ♦❢ t♦t❛❧
❡①♣♦rts s♦ t❤❡s❡ t❤r❡s❤♦❧❞ ❝❤❛♥❣❡s s❤♦✉❧❞ ♥♦t ❛❞✈❡rs❡❧② ❛✛❡❝t ♦✉r r❡s✉❧ts✳
✽
❋r❛♥❝❡ s❡❝♦♥❞ ✐♥ t❤❡ ❊❯ ❢♦r t♦t❛❧ ✐♥✈❡st♠❡♥t ✐♥ ❘✫❉ ❛♥❞ s✐①t❤ ❛s ❛ s❤❛r❡
♦❢ ●❉P✳ ■♥ ❛❞❞✐t✐♦♥✱ ❛t ❧❡❛st ✺✺✪ ♦❢ ❘✫❉ ❡①♣❡♥❞✐t✉r❡ ✐s ❝❛rr✐❡❞ ♦✉t ❜②
t❤❡ ♣r✐✈❛t❡ s❡❝t♦r ❛♥❞ ✐♥ ✷✵✶✹ ❛♠♦✉♥t❡❞ t♦ ❛r♦✉♥❞ e✸✶ ❜✐❧❧✐♦♥ ❛♥❞ ❡♠♣❧♦②✲
✐♥❣ ✶✳✺✪ ♦❢ t❤❡ ♥❛t✐♦♥❛❧ t♦t❛❧ ❧❛❜♦✉r ❢♦r❝❡✳✻ ▼♦r❡♦✈❡r✱ ❛s ❊♠❧✐♥❣❡r ❡t ❛❧✳
✭✷✵✶✾✮ ♣♦✐♥t ♦✉t✱ t❤❡ ♠❛r❦❡t s❤❛r❡ ♦❢ ❋r❡♥❝❤ ❡①♣♦rts ❤❛s ❢❛❧❧❡♥ s✐❣♥✐✜❝❛♥t❧②
❜❡t✇❡❡♥ ✶✾✾✾ ❛♥❞ ✷✵✶✼✳
❚♦ ♠❡❛s✉r❡ ✐♥♥♦✈❛t✐♦♥ ✇❡ r❡❧② ♦♥ t❤❡ ❘✫❉ ■♥q✉✐r② ❝♦❧❧❡❝t❡❞ ❜② t❤❡
❋r❡♥❝❤ ▼✐♥✐str② ♦❢ ❊❞✉❝❛t✐♦♥ ❛♥❞ ❘❡s❡❛r❝❤✳ ❚❤❡ ❞❛t❛ ✐s ❜❛s❡❞ ♦♥ ❛ s❛♠✲
♣❧❡ ♦❢ ♦✈❡r ✼✱✵✵✵ ✜r♠s t❤❛t ♣❡r❢♦r♠ ❘✫❉ ❛❝t✐✈✐t✐❡s ❛♥❞ ✐♥✈❡st ♠♦r❡ t❤❛♥
e✸✺✵✱✵✵✵ ♣❡r ②❡❛r ✐♥ ✐♥♥♦✈❛t✐♦♥ ♣❧✉s ❛ s❛♠♣❧❡ ♦❢ t❤♦s❡ ❝♦♠♣❛♥✐❡s t❤❛t ✉♥✲
❞❡rt❛❦❡ ❘✫❉ ❜✉t s♣❡♥❞ ❜❡❧♦✇ t❤❡ e✸✺✵✱✵✵✵ t❤r❡s❤♦❧❞✳✼ ❚❤❡ ❞❛t❛ r❡♣♦rt
t❤❡ ♦✈❡r❛❧❧ ✐♥t❡r♥❛❧ ❛♥❞ ❡①t❡r♥❛❧ r❡s♦✉r❝❡s ❞❡❞✐❝❛t❡❞ t♦ ❘✫❉✱ t❤❡ ♥✉♠❜❡r ♦❢
❡♠♣❧♦②❡❡s ✇♦r❦✐♥❣ ✐♥ t❤❡ ❘✫❉ ❞❡♣❛rt♠❡♥t✱ ♣✉❜❧✐❝ ❢✉♥❞s r❡❝❡✐✈❡❞ ❢r♦♠ t❤❡
❣♦✈❡r♥♠❡♥t ❛♥❞ ♦t❤❡r ♣✉❜❧✐❝ ✐♥st✐t✉t✐♦♥s✱ t❤❡ ♥✉♠❜❡r ♦❢ ♣❛t❡♥ts ❤❡❧❞ ❜②
t❤❡ ❝♦♠♣❛♥② ❛♥❞ t✇♦ ✐♥❞✐❝❛t♦rs ♦❢ ✐♥♥♦✈❛t✐♦♥ ♦✉t♣✉t t❤❛t s♣❡❝✐❢② ✇❤❡t❤❡r
❛ ✜r♠ ❤❛s ✐♥tr♦❞✉❝❡❞ ❛ ♣r♦❞✉❝t ♦r ❛ ♣r♦❝❡ss ✐♥♥♦✈❛t✐♦♥ ✐♥ ❛♥② ❣✐✈❡♥ ②❡❛r✳
▼♦r❡ s♣❡❝✐✜❝❛❧❧②✱ ♣r♦❞✉❝t ✐♥♥♦✈❛t✐♦♥ ✐s t❤❡ ✐♥tr♦❞✉❝t✐♦♥ ♦❢ ❛ ♣r♦❞✉❝t t❤❛t
✐s ✐♠♣r♦✈❡❞ ✐♥ ❡✐t❤❡r ✐ts ✉s❡ ♦r ❝❤❛r❛❝t❡r✐st✐❝s✳ ❚❤❡s❡ ❝❛♥ ✐♥❝❧✉❞❡ ❝❤❛♥❣❡s
t♦ t❡❝❤♥✐❝❛❧ s♣❡❝✐✜❝❛t✐♦♥✱ ♠❛t❡r✐❛❧s ♦r ❢✉♥❝t✐♦♥❛❧ ✉s❡ ✐♥❝❧✉❞✐♥❣ ♥❡✇ ✉s❡s
❢♦r ❡①✐st✐♥❣ ♣r♦❞✉❝ts✳ ❚❤❡ ❖❊❈❉ ✭✷✵✵✾✮ ❝❧❛ss✐✜❡s ♥❡✇ ♣r♦❞✉❝ts ❛s t❤♦s❡
t❤❛t ❛r❡ ✧♥❡✇ t♦ t❤❡ ✜r♠✧ ❛♥❞ t❤♦s❡ t❤❛t ❛r❡ ✧♥❡✇ t♦ t❤❡ ♠❛r❦❡t✧ ✇✐t❤
✻❋✐❣✉r❡s ❛r❡ ❢r♦♠ t❤❡ ✧❙t❛t✐st✐❝s ♦♥ ❘❡s❡❛r❝❤ ❛♥❞ ❉❡✈❡❧♦♣♠❡♥t✧ ❞❛t❛s❡t ❛♥❞ t❤❡ ✧■♥✲
t❡❧❧❡❝t✉❛❧ Pr♦♣❡rt② ❘✐❣❤ts✧ ❞❛t❛❜❛s❡ ❛❝❝❡ss✐❜❧❡ ❛t ❤tt♣✿✴✴❡❝✳✉❡♦♣❛✳❡✉✴❞❛t❛✴❞❛t❛❜❛s❡✮✳
✼❚❤❡ s✉r✈❡② ❝♦♥s✐sts ♦❢ ❢♦✉r ❞✐✛❡r❡♥t str❛t❛✳ ❚❤r❡❡ ❛r❡ ❡①❤❛✉st✐✈❡ ❛♥❞ ❢♦r♠ t❤❡
♣r✐♥❝✐♣❧❡ ❝♦♠♣♦♥❡♥t ♦❢ t❤❡ s✉r✈❡②✳ ❚❤❡ s✉r✈❡② ❛❞❞r❡ss❡s ❛ ❣❡♥❡r❛❧ q✉❡st✐♦♥♥❛✐r❡ t♦
❛❧❧ ✜r♠s ✇✐t❤ ❛♥ ✐♥t❡r♥❛❧ ❘✫❉ ❡①♣❡♥❞✐t✉r❡ ❛❜♦✈❡ e✷ ♠✐❧❧✐♦♥✱ ❛♥❞ ❛ s✐♠♣❧✐✜❡❞ s❤♦rt
q✉❡st✐♦♥♥❛✐r❡ t♦ ❛❧❧ ❋r❡♥❝❤ ✜r♠s ✐♥✈❡st✐♥❣ ♠♦r❡ t❤❛♥ e✸✺✵✱✵✵✵✱ ♦r t♦ ❛❧❧ t❤❡ ✜r♠s ✇❤✐❝❤
❤❛✈❡ ❜❡❡♥ ✐♥❝❧✉❞❡❞ ✐♥ t❤❡ s✉r✈❡② s❛♠♣❧❡ ❢♦r t❤❡ ✜rst t✐♠❡✳ ■♥ ❛❞❞✐t✐♦♥✱ ❛ ❢♦✉rt❤ str❛t❛ ♦❢
t❤❡ s✉r✈❡② ✐s ❝♦♠♣♦s❡❞ ♦❢ ❛ s❛♠♣❧❡ ♦❢ r❡♠❛✐♥✐♥❣ ❝♦♠♣❛♥✐❡s t❤❛t ❞❡❞✐❝❛t❡ ❢❡✇❡r r❡s♦✉r❝❡s
t♦ ❘✫❉✳ ❚❤❡ s❛♠♣❧❡ ♦❢ t❤❡ ❢♦✉rt❤ str❛t❛ ✐s r❡♥❡✇❡❞ ❡✈❡r② ②❡❛r✱ ❦❡❡♣✐♥❣ ❤❛❧❢ ♦❢ t❤❡
♣r❡✈✐♦✉s ②❡❛r s❛♠♣❧❡ ❛♥❞ ✐♥❝❧✉❞✐♥❣ ❛s ❛ s❡❝♦♥❞ ❤❛❧❢ ❘✫❉ ❛❝t✐✈❡ ✜r♠s t❤❛t ✇❡r❡ ♥♦t
✐♥❝❧✉❞❡❞ ✐♥ t❤❡ ♣r❡✈✐♦✉s ②❡❛r✳
✾
t❤❡ ❧❛tt❡r ❧✐❦❡❧② t♦ ❤❛✈❡ ❛ ♠♦r❡ ❞r❛♠❛t✐❝ ✐♠♣❛❝t t❤r♦✉❣❤ ❛ t❡♠♣♦r❛r② ♠❛r✲
❦❡t ♣♦✇❡r ❡✛❡❝t ✭P❡tr✐♥ ✷✵✵✷✮✳ ■♥ ❝♦♥tr❛st✱ ♣r♦❝❡ss ✐♥♥♦✈❛t✐♦♥ r❡✢❡❝ts t❤❡
✐♥tr♦❞✉❝t✐♦♥ ♦❢ ❛ ♥❡✇ ♠❡t❤♦❞ ♦❢ ♣r♦❞✉❝t✐♦♥ ♦r ❞❡❧✐✈❡r② ✭❡q✉✐♣♠❡♥t ♦r s♦❢t✲
✇❛r❡✮✳ ❚❤❡ ❡①♣❡❝t❛t✐♦♥ ✐s t❤❛t t❤❡r❡ ✇✐❧❧ ❜❡ ❝♦st ♣❡r ✉♥✐t ♦❢ ♣r♦❞✉❝t✐♦♥
s❛✈✐♥❣s ♦r ✐♠♣r♦✈❡❞ ❞❡❧✐✈❡r② ♠❡t❤♦❞s ❢♦r ❡①✐st✐♥❣ ♣r♦❞✉❝ts✳✽
●✐✈❡♥ t❤❛t t❤❡ ❘✫❉ ■♥q✉✐r② ✐s ♥♦t ❡①❤❛✉st✐✈❡✱ ❛❢t❡r ♠❡r❣✐♥❣ t❤❡ ❢♦✉r
❞❛t❛s❡ts✱ ✇❡ r❡♠♦✈❡ ♦❜s❡r✈❛t✐♦♥s t❤❛t r❡♣♦rt ♣♦s✐t✐✈❡ ✐♥✈❡st♠❡♥ts ✐♥ ✐♥t❛♥✲
❣✐❜❧❡ ❛ss❡ts✱ ✇❤✐❝❤ ✐♥❝❧✉❞❡ ✐♥✈❡st♠❡♥ts ✐♥ ❘✫❉✱ ✐♥ t❤❡ ❋❇❙ ❞❛t❛ ❜✉t ❛r❡
♥♦t ♣r❡s❡♥t ✐♥ t❤❡ ❘✫❉ ■♥q✉✐r② ❞❛t❛s❡t✳ ❲❡ t❤❡r❡❢♦r❡ ❝♦♥s✐❞❡r✱ t❤❛t ✜r♠s
✐♥ t❤❡ ❋❇❙ s✉r✈❡② t❤❛t r❡♣♦rt ♥♦ ✐♥✈❡st♠❡♥t ✐♥ ✐♥t❛♥❣✐❜❧❡ ❛ss❡ts ❛♥❞ ❛r❡
❛❧s♦ ♥♦t ✐♥❝❧✉❞❡❞ ✐♥ t❤❡ ❘✫❉ ■♥q✉✐r② t♦ ❜❡ ♥♦t ❡♥❣❛❣❡❞ ✐♥ t❤❡ ✐♥♥♦✈❛t✐♦♥
♣r♦❝❡ss✳✾ ❆❧❧ t❤❡ ♠♦♥❡t❛r② ✈❛❧✉❡s ❛r❡ ❡①♣r❡ss❡❞ ✐♥ ❊✉r♦s ❛♥❞ ❤❛✈❡ ❜❡❡♥
❞❡✢❛t❡❞ ✉s✐♥❣ ❖❊❈❉ ♣r♦❞✉❝t✐♦♥ ♣r✐❝❡ ✐♥❞❡①❡s ❛t t❤❡ ✐♥❞✉str②✲❧❡✈❡❧ ❢♦r
❋r❛♥❝❡ ✉s✐♥❣ t❤❡ ②❡❛r ✷✵✵✵ ❛s t❤❡ ❜❛s❡❧✐♥❡✳✶✵ ❆❢t❡r ❝❧❡❛♥✐♥❣✱ ♦✉r ✜♥❛❧ s❛♠✲
♣❧❡ ❝♦♥s✐sts ♦❢ ❛♥ ✉♥❜❛❧❛♥❝❡❞ ♣❛♥❡❧ ♦❢ ❛❧♠♦st ✷✼✱✼✾✶ ❋r❡♥❝❤ ✜r♠s✱ ✶✻✱✼✾✵
♦❢ ✇❤✐❝❤ ❛r❡ ❡①♣♦rt❡rs ✇✐t❤ ✐♥❢♦r♠❛t✐♦♥ ♦♥ t❤❡ ♥✉♠❜❡r ♦❢ ♣r♦❞✉❝ts ❡❛❝❤
✜r♠ ❡①♣♦rt❡❞✱ ❞❡st✐♥❛t✐♦♥s s❡r✈❡❞ ❛♥❞ t❤❡ ✈❛❧✉❡ ♦❢ ❡❛❝❤ s❤✐♣♠❡♥t✳ ❖❢ ♦✉r
✷✼✱✼✾✶ ✜r♠s✱ ✸✱✽✺✹ ✉♥❞❡rt❛❦❡ s♦♠❡ ❢♦r♠ ♦❢ ✐♥♥♦✈❛t✐♦♥ ❛♥❞ t❤❡ ♠❛❥♦r✐t② ♦❢
t❤❡s❡ ✭✸✱✻✻✻✮ ❛❧s♦ ❡①♣♦rt✳ ❉❡✜♥✐t✐♦♥s ♦❢ ❛❧❧ ♦✉r ✈❛r✐❛❜❧❡s ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥
❚❛❜❧❡ ❆✶ ♦❢ t❤❡ ❛♣♣❡♥❞✐①✳
✽❚❤❡ ❡①❛❝t ✇♦r❞✐♥❣ ♦❢ t❤❡ q✉❡st✐♦♥♥❛✐r❡ ✐s ❛s ❢♦❧❧♦✇s✳ Pr♦❞✉❝t ✐♥♥♦✈❛t✐♦♥✿ ❉✐❞ ②♦✉r
❝♦♠♣❛♥② ✐♥tr♦❞✉❝❡ t♦ t❤❡ ♠❛r❦❡t ✐♥ ②❡❛r t ♣r♦❞✉❝ts ♦r s❡r✈✐❝❡s t❤❛t ❛r❡ t❡❝❤♥♦❧♦❣✐❝❛❧❧②
♥❡✇ ♦r ✐♠♣r♦✈❡❞ ❛s ❛ r❡s✉❧t ♦❢ ❘✫❉ ❛❝t✐✈✐t②✳ ❋♦r ♣r♦❝❡ss ✐♥♥♦✈❛t✐♦♥✿ ❉✐❞ ②♦✉r ❝♦♠♣❛♥②
✐♠♣❧❡♠❡♥t ✐♥ ②❡❛r t ♣r♦❝❡ss❡s t❤❛t ❛r❡ ♥❡✇ ♦r ✐♠♣r♦✈❡❞ ❛s ❛ r❡s✉❧t ♦❢ ❘✫❉ ❛❝t✐✈✐t②✳
✾❲❡ ❞r♦♣ ❛❧♠♦st ✶✾✱✵✵✵ ♦❜s❡r✈❛t✐♦♥s t❤❛t ❝♦rr❡s♣♦♥❞ t♦ ❛❧♠♦st ✾✪ ♦❢ t❤❡ ♠❡r❣❡❞
❞❛t❛s❡t✳ ❍♦✇❡✈❡r✱ r❡♠♦✈✐♥❣ t❤❡s❡ ♦❜s❡r✈❛t✐♦♥s ❤❛✈❡ ♥♦ ❡✛❡❝ts ♦♥ t❤❡ ❞✐str✐❜✉t✐♦♥ ♦❢
✈❛r✐❛❜❧❡s ✐♥ t❤❡ ❞❛t❛✳ ❲❡ ❛❧s♦ r❡♠♦✈❡ ❢r♦♠ ♦✉r s❛♠♣❧❡ ❛❧❧ t❤❡ ✐♥❝♦♥s✐st❡♥t ♦❜s❡r✈❛t✐♦♥s
❛♥❞ ❝♦❞✐♥❣ ❡rr♦rs s✉❝❤ ❛s ♠✐ss✐♥❣ ♦r ✐♥❝♦♠♣❧❡t❡ ❞❛t❛✱ ♥❡❣❛t✐✈❡ ✈❛❧✉❡s ❢♦r t♦t❛❧ ❡♠✲
♣❧♦②♠❡♥t ♦r ❛✈❡r❛❣❡ s❛❧❛r② ♦r ✇❤❡♥ ✇❡ ❤❛✈❡ ❝♦♥✢✐❝t✐♥❣ ✐♥❢♦r♠❛t✐♦♥ ❛❝r♦ss t❤❡ ❞✐✛❡r❡♥t
❞❛t❛s❡ts✳
✶✵❚❤❡ ❞❛t❛ ❢♦r t❤❡ ❖❊❈❉ ♣r♦❞✉❝t✐♦♥ ♣r✐❝❡ ✐♥❞✐❝❡s ❝❛♥ ❜❡ ❢♦✉♥❞ ❛t
❤tt♣s✿✴✴st❛ts✳♦❡❝❞✳♦r❣✴■♥❞❡①✳❛s♣①❄❉❛t❛❙❡t❈♦❞❡❂❙❚❆◆✵✽❇■❙✳
✶✵
❚❛❜❧❡ ✶ ♣r❡s❡♥ts ❞❡s❝r✐♣t✐✈❡s ❢♦r ❛ ♥✉♠❜❡r ♦❢ ✜r♠ ❝❤❛r❛❝t❡r✐st✐❝s ♠❛❦✲
✐♥❣ t❤❡ ❞✐st✐♥❝t✐♦♥ ❜❡t✇❡❡♥ ❡①♣♦rt❡rs ❛♥❞ ♥♦♥✲❡①♣♦rt❡rs ❢♦r ❛❧❧ t❤❡ ✜r♠s ✐♥
♦✉r s❛♠♣❧❡ ❛♥❞ ❢♦r t❤❡ s♠❛❧❧❡r s✉❜✲s❛♠♣❧❡ ♦❢ ✐♥♥♦✈❛t♦rs✳ ❆ ✜r♠ ✐s ✐♥❝❧✉❞❡❞
✐♥ t❤❡ ✐♥♥♦✈❛t♦r s❛♠♣❧❡ ✐❢ ✐t ❤❛s ❡♥❣❛❣❡❞ ✐♥ t❤❡ ✐♥♥♦✈❛t✐♦♥ ♣r♦❝❡ss ❢♦r ❛t
❧❡❛st ♦♥❡ ②❡❛r ♦❢ t❤❡ s❛♠♣❧❡✳
❬❚❛❜❧❡ ✶ ❛❜♦✉t ❤❡r❡❪
❈♦♠♣❛r✐♥❣ t❤❡ t♦♣ ❛♥❞ ❜♦tt♦♠ ♣❛♥❡❧s ♦❢ ❚❛❜❧❡ ✶✱ t❤❡ ✜♥❛❧ ❝♦❧✉♠♥ ✐♥
t❤❡ ✐♥♥♦✈❛t♦r s❛♠♣❧❡ s❤♦✇s t❤❛t ✐♥♥♦✈❛t♦rs ❛r❡ ❧❛r❣❡r ✐♥ t❡r♠s ♦❢ ❡♠♣❧♦②✲
♠❡♥t✱ ♣❛② ❤✐❣❤❡r ❛✈❡r❛❣❡ s❛❧❛r✐❡s✱ ❛r❡ ♠♦r❡ ♣r♦❞✉❝t✐✈❡✱ ❤❛✈❡ ❤✐❣❤❡r t♦t❛❧
s❛❧❡s ✭❛❧♠♦st ❢♦✉r t✐♠❡s ❧❛r❣❡r✮ ❛♥❞ t❡♥❞ t♦ ✐♥✈❡st ♠♦r❡ ✐♥ ✜①❡❞ ❝❛♣✐t❛❧✳✶✶
■♥♥♦✈❛t♦rs ❛❧s♦ ❤❛✈❡ ❛ ❤✐❣❤❡r s❤❛r❡ ♦❢ ❡①♣♦rts ✐♥ t♦t❛❧ s❛❧❡s ✭✸✷✳✾✺✪ ❝♦♠✲
♣❛r❡❞ t♦ ✶✹✳✶✾✪ ❢♦r ❛❧❧ ✜r♠s✮✳ ▼❛❦✐♥❣ t❤❡ ❞✐st✐♥❝t✐♦♥ ❜❡t✇❡❡♥ ❡①♣♦rt❡rs
❛♥❞ ♥♦♥✲❡①♣♦rt❡rs✱ t❤❡ t♦♣ ♣❛♥❡❧ s❤♦✇s t❤❛t✱ ❛s ❡①♣❡❝t❡❞✱ ❡①♣♦rt❡rs ❛r❡
❧❛r❣❡r✱ ♠♦r❡ ♣r♦❞✉❝t✐✈❡✱ ✐♥✈❡st ♠♦r❡ ❛♥❞ ♣❛② ❛✈❡r❛❣❡ ❤✐❣❤❡r s❛❧❛r✐❡s t❤❛♥
♥♦♥✲❡①♣♦rt❡rs✳ ❈♦♠♣❛r✐♥❣ ❡①♣♦rt❡rs ❛♥❞ ♥♦♥✲❡①♣♦rt❡rs ✇✐t❤✐♥ t❤❡ s✉❜✲
s❛♠♣❧❡ ♦❢ ✐♥♥♦✈❛t♦rs t❤❡ r❡s✉❧ts ❛r❡ ❡✈❡♥ ♠♦r❡ str✐❦✐♥❣✳ ❖✉r r❡s✉❧ts ❛r❡
❝♦♥s✐st❡♥t ✇✐t❤ t❤❡ ✐❞❡❛ t❤❛t ♣r♦❞✉❝t✐✈❡ ✜r♠s s❡❧❢✲s❡❧❡❝t ✐♥t♦ ❡①♣♦rt✐♥❣
❛♥❞ ✐♥♥♦✈❛t✐♥❣ ❛❝t✐✈✐t✐❡s ✭❆✇ ❡t ❛❧✳ ✷✵✶✶ ❛♥❞ ❇✉st♦s ✷✵✶✶✮✳ ❍♦✇❡✈❡r✱ ✐t ✐s
✇♦rt❤ ♥♦t✐♥❣ t❤❛t ♥♦♥✲❡①♣♦rt✐♥❣ ✐♥♥♦✈❛t♦rs ❛♣♣❡❛r t♦ ❤❛✈❡ ❛ ❤✐❣❤❡r ❘✫❉
✐♥t❡♥s✐t② t❤❛♥ ❡①♣♦rt❡rs ✇❤❡♥ ♠❡❛s✉r❡❞ ❛s t❤❡ r❛t✐♦ ♦❢ ❘✫❉ ❡①♣❡♥❞✐t✉r❡
♦✈❡r t♦t❛❧ s❛❧❡s✱ ♣❡r❤❛♣s ❞r✐✈❡♥ ❜② ❧❛r❣❡ ❋r❡♥❝❤ st❛t❡✲♦✇♥❡❞ ❣r♦✉♣s ✇❤✐❝❤
✶✶❲❡ ❢♦❧❧♦✇ t❤❡ ❉❡ ▲♦❡❝❦❡r ✭✷✵✵✼✮ ❛♣♣r♦❛❝❤ t♦ ❝❛❧❝✉❧❛t❡ ❚❋P ✇❤✐❝❤ ✐s ❛♥ ❡①t❡♥s✐♦♥ ♦❢
t❤❡ st❛♥❞❛r❞ ❖❧❧❡② ❛♥❞ P❛❦❡s ✭✶✾✾✻✮ ♠❡t❤♦❞♦❧♦❣② t❛❦✐♥❣ ✐♥t♦ ❛❝❝♦✉♥t t❤❡ ❤❡t❡r♦❣❡♥❡✐t②
✐♥ t❡r♠s ♦❢ ♣r♦❞✉❝t✐✈✐t② ❜❡t✇❡❡♥ ❡①♣♦rt❡rs ❛♥❞ ♥♦♥✲❡①♣♦rt❡rs ❛♥❞ ❜❡t✇❡❡♥ ✐♥♥♦✈❛t♦rs
❛♥❞ ♥♦♥✲✐♥♥♦✈❛t♦rs✳ ■♥ ♦✉r ❚❋P ❡st✐♠❛t✐♦♥s ✇❡ ✉s❡ ✈❛❧✉❡ ❛❞❞❡❞ ❛s ❛ ♣r♦①② ❢♦r ♦✉t♣✉t✱
✐♥❝❧✉❞✐♥❣ ✐♥ t❤❡ ❡st✐♠❛t✐♦♥ t♦t❛❧ ❡♠♣❧♦②♠❡♥t ❛s ❛ ♠❡❛s✉r❡ ❢♦r ❧❛❜♦r✱ t❤❡ t♦t❛❧ ❝♦sts ♦❢
✐♥t❡r♠❡❞✐❛t❡ ✐♥♣✉ts ❛s ❝♦sts ♦❢ ♣r♦❞✉❝t✐♦♥✱ ❛♥ ❡①♣♦rt ❞✉♠♠② ❡q✉❛❧ t♦ ✶ ❢♦r ❡①♣♦rt❡rs ♦r ✵
♦t❤❡r✇✐s❡✱ ❛♥❞ t♦t❛❧ ✐♥✈❡st♠❡♥t ✐♥ t❛♥❣✐❜❧❡ ❛♥❞ ✐♥t❛♥❣✐❜❧❡ ❛ss❡ts s✉❝❤ ❛s ❘✫❉✳ ❋♦❧❧♦✇✐♥❣
t❤❡ ■❙●❊P ✭✷✵✵✽✮ ❛♣♣r♦❛❝❤✱ ♦♥❝❡ ❡st✐♠❛t❡❞ ❛♥❞ ❧♦❣❣❡❞✱ ✇❡ r❡♠♦✈❡ t❤❡ t♦♣ ❛♥❞ ❜♦tt♦♠
♣❡r❝❡♥t✐❧❡s ✇✐t❤♦✉t ❛♥② s✐❣♥✐✜❝❛♥t ❧♦ss ♦❢ ♦❜s❡r✈❛t✐♦♥s ✐♥ ♦r❞❡r t♦ ♠✐t✐❣❛t❡ t❤❡ ❡✛❡❝t
♦❢ ♦✉t❧✐❡rs ♦♥ ♦✉r ❛♥❛❧②s✐s✳ ❚❤❡ ♠❡t❤♦❞♦❧♦❣② ❛♥❞ r❡s✉❧ts ❢♦r ♦✉r ❚❋P ❝❛❧❝✉❧❛t✐♦♥s ❛r❡
❛✈❛✐❧❛❜❧❡ ❢r♦♠ t❤❡ ❛✉t❤♦rs ✉♣♦♥ r❡q✉❡st✳
✶✶
♦♣❡r❛t❡ ✐♥ ❤✐❣❤✲t❡❝❤♥♦❧♦❣② s❡❝t♦rs ❜✉t ❛r❡ ♦r✐❡♥t❡❞ t♦✇❛r❞s t❤❡ ❞♦♠❡st✐❝
♠❛r❦❡t ✭❡✳❣✳ t❤❡ ♥✉❝❧❡❛r s❡❝t♦r✱ tr❛♥s♣♦rt ❛♥❞ ✐♥❢r❛str✉❝t✉r❡ ❡q✉✐♣♠❡♥t✱
♠✐❝r♦❡❧❡❝tr♦♥✐❝s✱ r❡❝②❝❧✐♥❣✱ ♣r♦❝❡ss❡❞ ❢♦♦❞ ❛♥❞ ❞❡❢❡♥❝❡✮✳
❲❤❡♥ ✇❡ ❡①❛♠✐♥❡ tr❡♥❞s ♦✈❡r t✐♠❡ ✇❡ ✜♥❞ t❤❛t t♦t❛❧ ❡①♣♦rts ❢♦r ✜r♠s
✐♥ ♦✉r s❛♠♣❧❡ ❣r❡✇ ❢r♦♠ e✶✸✹✳✷ ❜✐❧❧✐♦♥ ✐♥ ✶✾✾✾ t♦ e✶✻✶✳✻ ❜✐❧❧✐♦♥ ❊✉r♦s ✐♥
✷✵✵✼✳ ■♥ t❤❡ s✉❜✲s❛♠♣❧❡ ♦❢ ✐♥♥♦✈❛t✐♥❣ ✜r♠s✱ t♦t❛❧ ❡①♣♦rts ✐♥❝r❡❛s❡❞ ❢r♦♠
e✽✵ ❜✐❧❧✐♦♥ ✐♥ ✶✾✾✾ t♦ e✾✾✳✻ ✐♥ ✷✵✵✼✳ ❍♦✇❡✈❡r✱ ✇❤❡♥ ✇❡ ❡①❛♠✐♥❡ tr❡♥❞s ❛t
t❤❡ ✜r♠ ❧❡✈❡❧ ✇❡ ✜♥❞ t❤❛t✱ ♦✈❡r t❤❡ t✐♠❡ ♣❡r✐♦❞ ❜❡t✇❡❡♥ ✶✾✾✾ ❛♥❞ ✷✵✵✼✱ t❤❡
❛✈❡r❛❣❡ ❡①♣♦rt❡r ✐♥ ♦✉r s❛♠♣❧❡ ❡①♣❡r✐❡♥❝❡❞ ❧✐♠✐t❡❞ ❣r♦✇t❤ ✐♥ t♦t❛❧ ❡①♣♦rts
✭❢r♦♠ e✶✹✳✺✽ ♠✐❧❧✐♦♥ t♦ e✶✹✳✾✽ ♠✐❧❧✐♦♥ ✮✳ ❚❤❡ ❡①t❡♥s✐✈❡ ♠❛r❣✐♥s ♦❢ t❤❡ ❛✈✲
❡r❛❣❡ ❡①♣♦rt❡r ✐♥ ♦✉r s❛♠♣❧❡ ❛♣♣❡❛r t♦ ❤❛✈❡ ♠❛r❣✐♥❛❧❧② ✐♠♣r♦✈❡❞ ♦✈❡r t❤❡
♣❡r✐♦❞✳ ■♥ ✶✾✾✾✱ ❋r❡♥❝❤ ✜r♠s ❡①♣♦rt❡❞ ✶✼ ♣r♦❞✉❝ts ❛♥❞ s❡r✈❡❞ ✶✺ ❞✐✛❡r❡♥t
❞❡st✐♥❛t✐♦♥s ♦♥ ❛✈❡r❛❣❡✳ ❇② t❤❡ ❡♥❞ ♦❢ t❤❡ ♣❡r✐♦❞✱ t❤❡ ❛✈❡r❛❣❡ ♥✉♠❜❡r ♦❢
❡①♣♦rt❡❞ ♣r♦❞✉❝ts ✇❛s ✶✼✳✸✷ ❛♥❞ t❤❡ ❛✈❡r❛❣❡ ♥✉♠❜❡r ♦❢ ❞❡st✐♥❛t✐♦♥s ✇❛s
✶✻✳✶✼✳ ❍♦✇❡✈❡r✱ t❤❡ s❛♠❡ ❝❛♥♥♦t ❜❡ s❛✐❞ ❢♦r ❋r❡♥❝❤ ✐♥♥♦✈❛t♦r✲❡①♣♦rt❡rs
✇❤♦ ❡①♣❡r✐❡♥❝❡❞ ❛ s♠❛❧❧ ❞❡❝r❡❛s❡ ✐♥ ❜♦t❤ t❤❡ ♥✉♠❜❡r ♦❢ ❞❡st✐♥❛t✐♦♥s s❡r✈❡❞
✭❢r♦♠ ✸✹ ✐♥ ✶✾✾✾ t♦ ✸✷ ✐♥ ✷✵✵✼✮ ❛♥❞ t❤❡ ♥✉♠❜❡r ♦❢ ♣r♦❞✉❝ts ❡①♣♦rt❡❞ ✭❢r♦♠
✸✽ ✐♥ ✶✾✾✾ t♦ ✸✺✳✺ ✐♥ ✶✾✾✾✮✳ ▼♦r❡♦✈❡r✱ ✇❤✐❧❡ ♦♥ ❛✈❡r❛❣❡ ✐♥♥♦✈❛t♦rs ❡①♣♦rt
♠✉❝❤ ♠♦r❡ t❤❛♥ ♥♦♥✲✐♥♥♦✈❛t♦rs✱ t❤❡ ❛✈❡r❛❣❡ t♦t❛❧ ❡①♣♦rts ♣❡r ✐♥♥♦✈❛t✐♥❣
✜r♠ ✐♥ ♦✉r s❛♠♣❧❡ ❞❡❝❧✐♥❡❞ ❢r♦♠ e✻✵✳✾ ♠✐❧❧✐♦♥ ✐♥ ✶✾✾✾ t♦ e✺✸✳✼ ♠✐❧❧✐♦♥
✐♥ ✷✵✵✼✳ ❚❤❡ ✐♥❝r❡❛s❡ ✐♥ t♦t❛❧ ❡①♣♦rts t❤❛t ✇❡ ♦❜s❡r✈❡ s❡❡♠s t♦ ❜❡ ❞r✐✈❡♥
❜② ❛ r✐s❡ ✐♥ t❤❡ ♥✉♠❜❡r ♦❢ ❡①♣♦rt❡rs ✐♥ ♦✉r s❛♠♣❧❡❀ ❢r♦♠ ✶✹✱✹✹✽ ✐♥ ✶✾✾✾ t♦
✶✹✱✾✶✽ ✐♥ ✷✵✵✼ ❛♥❞ t❤❡ s✉❜✲s❛♠♣❧❡ ♦❢ ✐♥♥♦✈❛t✐♥❣ ❡①♣♦rt❡rs ❢r♦♠ ✶✱✸✻✷ ✐♥
✶✾✾✾ t♦ ✶✱✽✾✺ ✐♥ ✷✵✵✼✳ ❚❤❡ ❞❡❝❧✐♥❡ ✐♥ t❤❡ ❛✈❡r❛❣❡ t♦t❛❧ ❡①♣♦rts ❛t t❤❡ ✜r♠
❧❡✈❡❧ ✐♥ t❤❡ s❛♠♣❧❡ ♦❢ ✐♥♥♦✈❛t♦r✲❡①♣♦rt❡rs s❡❡♠s ❞r✐✈❡♥ ❜② t❤❡ ❡♥tr② ♦❢ r❡❧✲
❛t✐✈❡❧② s♠❛❧❧❡r ✜r♠s ✐♥t♦ t❤✐s s❛♠♣❧❡ ✇✐t❤ t❤❡ ❛✈❡r❛❣❡ s✐③❡ ♦❢ ❛♥ ✐♥♥♦✈❛t♦r
❡①♣♦rt❡r ❢❛❧❧✐♥❣ ❢r♦♠ ✻✷✶ ❡♠♣❧♦②❡❡s ✐♥ ✶✾✾✾ t♦ ✹✻✷✳✻ ✐♥ ✷✵✵✼✳✶✷
✶✷■♥ ✉♥r❡♣♦rt❡❞ s✉♠♠❛r② st❛t✐st✐❝s✱ ✇❤❡♥ ✇❡ ❝♦♥s✐❞❡r ✐♥❞✐✈✐❞✉❛❧ s❡❝t♦rs ✇❡ ✜♥❞ t❤❛t
✶✷
✸ ▼❡t❤♦❞♦❧♦❣②
❆ s✐❣♥✐✜❝❛♥t ❤✉r❞❧❡ t♦ t❤❡ ✐❞❡♥t✐✜❝❛t✐♦♥ ♦❢ ❛ ❝❛✉s❛❧ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥
✐♥♥♦✈❛t✐♦♥ ❛♥❞ ❡①♣♦rts ✐s t❤❡ ♣♦ss✐❜✐❧✐t② ♦❢ ❝♦♥❢♦✉♥❞✐♥❣ ❢❛❝t♦rs t❤❛t ❛✛❡❝t
❜♦t❤ ✐♥♥♦✈❛t♦rs ❛♥❞ ♥♦♥✲✐♥♥♦✈❛t♦rs✳ ❚❤✐s ❝♦✉❧❞ ✐♥❝❧✉❞❡ s❡❝t♦r s♣❡❝✐✜❝ ♣♦❧✐✲
❝✐❡s ♦r s❤♦❝❦s ♦❢ ❛ ❞✐✛❡r❡♥t ♥❛t✉r❡✳ ❖✉r ❡♠♣✐r✐❝❛❧ str❛t❡❣② ❢♦r ✐❞❡♥t✐❢②✐♥❣
t❤❡ ❝❛✉s❛❧ ❧✐♥❦ ❜❡t✇❡❡♥ ✐♥♥♦✈❛t✐♦♥ ❛♥❞ ❡①♣♦rt ♣❡r❢♦r♠❛♥❝❡ ✐s t♦ t❛❦❡ ❛
♣r♦♣❡♥s✐t② s❝♦r❡ ♠❛t❝❤✐♥❣ ✭P❙▼✮ ❛♥❞ ❞✐✛❡r❡♥❝❡✲✐♥✲❞✐✛❡r❡♥❝❡s ✭❉✐❉✮ ❛♣✲
♣r♦❛❝❤ ✇✐t❤ ♠✉❧t✐♣❧❡ tr❡❛t♠❡♥ts ✭▲❡❝❤♥❡r ✷✵✵✷ ❛♥❞ ▲❡✉✈❡♥ ❛♥❞ ❙✐❛♥❡s✐
✷✵✵✸✮✳ ❙✉❝❤ ❛ str❛t❡❣② ❛❧❧♦✇s ✉s t♦ ❝♦♠♣❛r❡ t❤❡ ❡①♣♦rt ♣❡r❢♦r♠❛♥❝❡ ♦❢
✜r♠s ❜❡❢♦r❡ ❛♥❞ ❛❢t❡r t❤❡② st❛rt ✐♥♥♦✈❛t✐♥❣ ❛♥❞ t♦ ❝♦♠♣❛r❡ t❤❡ r❡s✉❧ts t♦ ❛
❝♦♥tr♦❧ ❣r♦✉♣ ♦❢ ❝♦♠♣❛r❛❜❧❡ ✜r♠s t❤❛t ❝♦♥t✐♥✉❡ t♦ ❜❡ ♥♦♥✲✐♥♥♦✈❛t♦rs✳ ❚❤❡
❝♦♥str✉❝t✐♦♥ ♦❢ ❛ ✈❛❧✐❞ ❝♦♥tr♦❧ ❣r♦✉♣ ❜❛s❡❞ ♦♥ t❤❡ ♦❜s❡r✈❛❜❧❡ ❞✐✛❡r❡♥❝❡s
❜❡t✇❡❡♥ ✐♥♥♦✈❛t♦rs ❛♥❞ ♥♦♥✲✐♥♥♦✈❛t♦rs ♠❡❛♥s t❤❛t ♦✉r ♠❛t❝❤✐♥❣ ❛♣♣r♦❛❝❤
❝♦♥tr♦❧s ❛s ❜❡st ❛s ✇❡ ❝❛♥ ❢♦r s❡❧❡❝t✐♦♥ ♦♥ ♦❜s❡r✈❛❜❧❡ ❛♥❞ ✉♥♦❜s❡r✈❛❜❧❡
t✐♠❡✲✐♥✈❛r✐❛♥t ✜r♠ ❤❡t❡r♦❣❡♥❡✐t②✳
❚❤❡ ✜rst st❛❣❡ ✐s t♦ ❞❡✜♥❡ ❛ s❡t ♦❢ ❡♥❞♦❣❡♥♦✉s ✐♥♥♦✈❛t✐♦♥ ✧tr❡❛t♠❡♥ts✧
t❤❛t ✇❡ ❝❛❧❧ a✳ ■♥♥♦✈❛t✐♦♥ ✐s ❝♦♥s✐❞❡r❡❞ t♦ ❜❡ ❛♥ ✐♥❝r❡♠❡♥t❛❧ ♣r♦❝❡ss ✐♥
✇❤✐❝❤ ✜r♠s✱ ❝♦♥❞✐t✐♦♥❛❧ ♦♥ ❛♥ ✐♥✐t✐❛❧ ❡①♣❡♥❞✐t✉r❡ ♦♥ ❘✫❉✱ s✉❝❝❡ss❢✉❧❧② ✐♥✲
tr♦❞✉❝❡ ❛ ♣r♦❞✉❝t ✐♥♥♦✈❛t✐♦♥✱ ❛ ♣r♦❝❡ss ✐♥♥♦✈❛t✐♦♥ ♦r ❜♦t❤ ❛t t✐♠❡ t✳ ❲❡
t❤❡ ♠❛❥♦r✐t② ♦❢ ❡①♣♦rts ❛♥❞ ❘✫❉ ❡①♣❡♥❞✐t✉r❡s ❛r❡ ❞r✐✈❡♥ ❜② ❛ r❡❧❛t✐✈❡❧② s♠❛❧❧ ♥✉♠❜❡r
♦❢ ✐♥❞✉str✐❡s✳ ❋♦r ❡①❛♠♣❧❡✱ t❤❡ ❝♦♠♣✉t❡rs ❛♥❞ ■❚❈ ❡q✉✐♣♠❡♥t s❡❝t♦r ❤❛s t❤❡ ❤✐❣❤❡st ✐♥✲
t❡♥s✐t② ❜♦t❤ ✐♥ t❡r♠s ♦❢ ❘✫❉ ❛♥❞ ❡①♣♦rts✱ ❢♦❧❧♦✇❡❞ ❜② ♦♣t✐❝❛❧ ❛♥❞ ♣r❡❝✐s✐♦♥ ✐♥str✉♠❡♥ts✱
❡❧❡❝tr✐❝❛❧ ♠❛❝❤✐♥❡r②✱ ❝❤❡♠✐❝❛❧s ❛♥❞ tr❛♥s♣♦rt ❡q✉✐♣♠❡♥t✳ ◆♦t s✉r♣r✐s✐♥❣❧②✱ t❤❡ ♠♦t♦r
✈❡❤✐❝❧❡ ✐♥❞✉str② ❛❧s♦ ❡①❤✐❜✐ts ❤✐❣❤ ❧❡✈❡❧s ♦❢ ❡①♣♦rts ❛♥❞ ✐♥♥♦✈❛t✐♦♥ ❛❧t❤♦✉❣❤ ♣r♦❞✉❝t✐♦♥
✐s ❝♦♥❝❡♥tr❛t❡❞ ❛♠♦♥❣ ❛ s♠❛❧❧ ♥✉♠❜❡r ♦❢ ✜r♠s✳ ❉❡s❝r✐♣t✐✈❡s ❛t t❤❡ ✐♥❞✉str② ❧❡✈❡❧ ❛r❡
❛✈❛✐❧❛❜❧❡ ❢r♦♠ t❤❡ ❛✉t❤♦rs ✉♣♦♥ r❡q✉❡st✳ ❙❡❡ ❇r✐❝♦♥❣♥❡ ❡t ❛❧✳ ✭✷✵✶✶✮ ❢♦r ❛ ❞❡t❛✐❧❡❞
❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ ❞②♥❛♠✐❝s ♦❢ ❋r❡♥❝❤ ✜r♠ ❡①♣♦rts ❜❡t✇❡❡♥ ✷✵✵✵ ❛♥❞ ✷✵✵✾ ✇❤❡r❡ t❤❡②
❛❧s♦ ❞✐st✐♥❣✉✐s❤ ❜❡t✇❡❡♥ t❤❡ ✐♥t❡♥s✐✈❡ ❛♥❞ ❡①t❡♥s✐✈❡ ♠❛r❣✐♥s ♦❢ tr❛❞❡ ❛♥❞ s❤♦✇ t❤❛t ♦✈❡r
t❤✐s ♣❡r✐♦❞ t❤❡ ♠❛❥♦r✐t② ♦❢ t❤❡ ✐♥❝r❡❛s❡ ✐♥ ❡①♣♦rts ❝♦✉❧❞ ❜❡ ❡①♣❧❛✐♥❡❞ ❜② ❛♥ ✐♥❝r❡❛s❡ ✐♥
t❤❡ ✐♥t❡♥s✐✈❡ ♠❛r❣✐♥✳
✶✸
t❤❡r❡❢♦r❡ ❛♥❛❧②s❡ ❢♦✉r ❞✐✛❡r❡♥t tr❡❛t♠❡♥ts✳ ❚❤❡ ✜rst tr❡❛t♠❡♥t ✐s ✇❤❡♥ ❛
✜r♠ ❤❛s ♣♦s✐t✐✈❡ ❘✫❉ ❡①♣❡♥❞✐t✉r❡ ❢♦r t❤❡ ✜rst t✐♠❡ (R&D)✱ ❛t s♦♠❡ ♣♦✐♥t
❛❢t❡r t❤❡ st❛rt ♦❢ ♦✉r s❛♠♣❧❡ ♣❡r✐♦❞✱ ✇✐t❤♦✉t ✐♥tr♦❞✉❝✐♥❣ ❛♥② ♣r♦❞✉❝t ♦r
♣r♦❝❡ss ✐♥♥♦✈❛t✐♦♥ ❛t t❤❡ s❛♠❡ t✐♠❡✳ ❲❡ t❤❡♥ ❝♦♥s✐❞❡r t✇♦ ❞✐✛❡r❡♥t tr❡❛t✲
♠❡♥ts ❢♦r ✇❤❡♥ ❛ ✜r♠ s❡♣❛r❛t❡❧② ✐♥tr♦❞✉❝❡s ❛ ♣r♦❞✉❝t ✐♥♥♦✈❛t✐♦♥ (Pd)
♦r ❛ ♣r♦❝❡ss ✐♥♥♦✈❛t✐♦♥ (Pc)✳ ❋✐♥❛❧❧②✱ ❛ ❢♦✉rt❤ tr❡❛t♠❡♥t ✐s ❝♦♥s✐❞❡r❡❞
✇❤❡♥ ❛ ✜r♠ s✉❝❝❡ss❢✉❧❧② ✐♥tr♦❞✉❝❡s ❜♦t❤ ❛ ♣r♦❞✉❝t ❛♥❞ ❛ ♣r♦❝❡ss ✐♥♥♦✈❛✲
t✐♦♥ ✐♥ t❤❡ s❛♠❡ ②❡❛r (PdPc)✳ ❚❤✉s✱ ♦✉r ❝❛t❡❣♦r✐❝❛❧ ✈❛r✐❛❜❧❡ a ❝❛♥ t❛❦❡ ❛
✈❛❧✉❡ ❡q✉❛❧ t♦ ✵ ✐❢ ❛ ✜r♠ ❞♦❡s ♥♦t ✐♥♥♦✈❛t❡ ✐♥ t✐♠❡ t ❛♥❞ R&D✱ Pd✱ Pc
♦r PdPc ✐❢ ✐t ♣❡r❢♦r♠s ♦♥❡ ♦❢ t❤❡ ✐♥♥♦✈❛t✐♦♥ tr❡❛t♠❡♥ts ❢♦r t❤❡ ✜rst t✐♠❡
✭a = 0;R&D;Pd;Pc;PdPc✮ ✐♥ ❛ ❣✐✈❡♥ ②❡❛r✳
❚❤❡r❡❢♦r❡✱ tr❡❛t♠❡♥t a = 0 r❡❢❡rs t♦ t❤❡ ❝♦♥tr♦❧ ❣r♦✉♣ ♦❢ ♥♦♥✲✐♥♥♦✈❛t♦rs✱
✜r♠s t❤❛t ❞♦ ♥♦t ✐♥✈❡st ✐♥ ❘✫❉ ♦r ✐♥tr♦❞✉❝❡ ✐♥♥♦✈❛t✐♦♥s ❛t ❛♥② t✐♠❡ ❞✉r✲
✐♥❣ t❤❡ s❛♠♣❧❡ ♣❡r✐♦❞✳ ❚r❡❛t♠❡♥t a = R&D r❡❢❡rs t♦ t❤♦s❡ ✜r♠s t❤❛t st❛rt
✐♥✈❡st✐♥❣ ✐♥ ❘✫❉ ❛t t✐♠❡ t ❜✉t ❞♦ ♥♦t ✐♥tr♦❞✉❝❡ ♣r♦❞✉❝t ♦r ♣r♦❝❡ss ✐♥♥♦✲
✈❛t✐♦♥ ❛t t✐♠❡ t✳ ❙✉❝❝❡ss❢✉❧ ✐♥♥♦✈❛t✐♦♥ ✐s ❝♦♥❞✐t✐♦♥❛❧ ♦♥ ❘✫❉ ❡①♣❡♥❞✐t✉r❡✱
❤❡♥❝❡ ✜r♠s t❤❛t ✐♥tr♦❞✉❝❡ ♥❡✇ ✐♥♥♦✈❛t✐♦♥s ❛t t✐♠❡ t ✭a = Pd;Pc;PdPc✮
❤❛✈❡ ✐♥✈❡st❡❞ ✐♥t♦ ❘✫❉ ❛t ❛♥❞✴♦r ♣r✐♦r t♦ t✐♠❡ t✳ ❋✐r♠s t❤❛t s✇✐t❝❤ ✐♥t♦ ✐♥✲
♥♦✈❛t✐♦♥ ✭a = Pd;Pc;PdPc✮ ❛r❡ ♥♦t ♥❡❝❡ss❛r✐❧② s✇✐t❝❤❡rs ✐♥t♦ ❘✫❉ s✐♥❝❡
t❤❡② ❝♦✉❧❞ ❤❛✈❡ ❛❧✇❛②s ❜❡❡♥ ❡♥❣❛❣❡❞ ✐♥ ❘✫❉✱ ✇✐t❤✐♥ ♦✉r t✐♠❡ ♣❡r✐♦❞✱ ♦r
st❛rt❡❞ ✐♥✈❡st✐♥❣ ✐♥ ❘✫❉ ✐♥ ❛ ♣r❡✈✐♦✉s ②❡❛r✳ ■♥ ❛ s✐♠✐❧❛r ✇❛②✱ ✜r♠s t❤❛t
s✇✐t❝❤ ✐♥t♦ ❘✫❉ ✐♥ ❛ ❣✐✈❡♥ ②❡❛r ✭a = R&D✮ ♠❛② ❡①♣❡r✐❡♥❝❡ ♦♥❡ ♦❢ t❤❡ ✸
♦t❤❡rs ♣♦s✐t✐✈❡ tr❡❛t♠❡♥ts ✭a = Pd;Pc;PdPc✮ ✐♥ ❛ ❧❛t❡r ②❡❛r ✐❢ t❤❡ ✐♥✐t✐❛❧
❘✫❉ ✐♥✈❡st♠❡♥t ❧❡❞ t♦ t❤❡ s✉❝❝❡ss❢✉❧ ✐♥tr♦❞✉❝t✐♦♥ ♦❢ ♣r♦❞✉❝t ✐♥♥♦✈❛t✐♦♥✱
♣r♦❝❡ss ✐♥♥♦✈❛t✐♦♥✱ ♦r ❜♦t❤✳
❚♦ ❛❝❝✉r❛t❡❧② ✐❞❡♥t✐❢② ❡❛❝❤ tr❡❛t♠❡♥t✱ ✇❡ ✜rst ❞r♦♣ ❛❧❧ ✜r♠s ✇❤✐❝❤ ❛r❡
✐♥♥♦✈❛t♦rs ❜✉t ❞♦ ♥♦t s✇✐t❝❤ ✐♥t♦ ❛♥② ♦❢ ♦✉r ❢♦✉r tr❡❛t♠❡♥ts✳ ❚❤❛t ✐s t♦ s❛②
✶✹
✇❡ ❞r♦♣ ❝♦♥t✐♥✉♦✉s ✐♥♥♦✈❛t♦rs✳✶✸ ❲❡ t❤❡♥ r❡s❝❛❧❡ t❤❡ t✐♠❡ ♣❡r✐♦❞ s♦ t❤❛t
t = 0 ✐s t❤❡ ②❡❛r ✐♥ ✇❤✐❝❤ ❛ ✜r♠ ✜rst ♣❡r❢♦r♠s ♦♥❡ ♦❢ t❤❡ tr❡❛t♠❡♥ts ♦r ❛s
t❤❡ ♠❡❞✐❛♥ ②❡❛r ✐♥ t❤❡ ❝❛s❡ ♦❢ ♥♦♥✲✐♥♥♦✈❛t♦rs✳ ❇❛s❡❞ ♦♥ t❤❡ ♦❜s❡r✈❛t✐♦♥s
❛t t = 0✱ ✇❡ t❤❡♥ ♠❡❛s✉r❡ t❤❡ ❝❤❛♥❣❡✱ r❡❧❛t✐✈❡ t♦ t − 1✱ ✐♥ ❡①♣♦rt ♣❡r❢♦r✲
♠❛♥❝❡ ♦✈❡r t❤❡ ❢♦❧❧♦✇✐♥❣ t❤r❡❡ ②❡❛rs✳✶✹ ❲❡ r❡str✐❝t t❤❡ s❛♠♣❧❡ t♦ ✜r♠s t❤❛t
✇❡r❡ ❡①♣♦rt❡rs ✐♥ t − 1✱ t❤✐s ❛❧❧♦✇s ✉s t♦ ❛♥❛❧②s❡ t❤❡ ❡✛❡❝t ♦❢ ✐♥♥♦✈❛t✐♦♥
♦♥ t❤❡ ✐♥t❡♥s✐✈❡ ♠❛r❣✐♥s ♦❢ ❡①♣♦rts ❛♥❞ ♦♥ ♥❡t tr❛❞❡ ❝r❡❛t✐♦♥✳ ❘❡str✐❝t✐♥❣
t❤❡ s❛♠♣❧❡ t♦ ❡①✐st✐♥❣ ❡①♣♦rt❡rs ❤❛s ❛❧s♦ t❤❡ ❛❞✈❛♥t❛❣❡ ♦❢ r❡❞✉❝✐♥❣ r❡✈❡rs❡
❝❛✉s❛❧✐t② ❝♦♥❝❡r♥s✳✶✺
❖✉r ❛♥❛❧②s✐s ❡①❛♠✐♥❡s t❤❡ ❛✈❡r❛❣❡ tr❡❛t♠❡♥t ❡✛❡❝t ♦♥ t❤❡ tr❡❛t❡❞ ✭❆❚❚✮
❢♦r ❡❛❝❤ ♦❢ ♦✉r tr❡❛t♠❡♥t ❣r♦✉♣s✳ ■♥ ♦t❤❡r ✇♦r❞s✱ t♦ ❡st✐♠❛t❡ t❤❡ ❞✐✛❡r❡♥❝❡
✐♥ ❡①♣♦rt ♣❡r❢♦r♠❛♥❝❡ ❜❡t✇❡❡♥ ✜r♠s ✇❤✐❝❤ ❤❛✈❡ ✐♠♣❧❡♠❡♥t❡❞ ♦♥❡ ♦❢ t❤❡
✐♥♥♦✈❛t✐✈❡ tr❡❛t♠❡♥ts ❛♥❞ s✐♠✐❧❛r ✭♠❛t❝❤❡❞✮ ✜r♠s ✇❤✐❝❤ ✐♥st❡❛❞ r❡♠❛✐♥
✐♥♥♦✈❛t✐♦♥ ✐♥❛❝t✐✈❡✳ ❲❡ ❞❡✜♥❡ yit ❛s ✜r♠ i✬s ❡①♣♦rt ♣❡r❢♦r♠❛♥❝❡ ❛t t✐♠❡ t
❛♥❞ yi(t+n) ❛s t❤❡ ❡①♣♦rt ♣❡r❢♦r♠❛♥❝❡ n ♣❡r✐♦❞s ❧❛t❡r✳ ❚❤❡ ❡①♣♦rt ♣❡r❢♦r✲
♠❛♥❝❡ ✈❛r✐❛❜❧❡ y r❡♣r❡s❡♥ts t❤❡ ❞✐✛❡r❡♥t ♠❛r❣✐♥s ♦❢ tr❛❞❡✿ t♦t❛❧ ❡①♣♦rts❀
t❤❡ t♦t❛❧ ✈❛❧✉❡✱ ❛t ❡❛❝❤ t✐♠❡ ♣❡r✐♦❞✱ ♦❢ t❤❡ ❡①✐st✐♥❣ s❡t ♦❢ tr❛♥s❛❝t✐♦♥s
✭♣r♦❞✉❝t✲❝♦✉♥tr② ♣❛✐r✮ ✐♥ ♣❡r✐♦❞ t − 1 ✭✐♥t❡♥s✐✈❡ ♠❛r❣✐♥✮❀ t❤❡ ♥✉♠❜❡r ♦❢
❡①♣♦rt❡❞ ♣r♦❞✉❝ts❀ ❛♥❞ t❤❡ ♥✉♠❜❡r ♦❢ ❞❡st✐♥❛t✐♦♥s ✭❡①t❡♥s✐✈❡ ♠❛r❣✐♥s✮✳ ❚♦
✉♥❞❡rst❛♥❞ ♦✉r ❡①t❡♥s✐✈❡ ♠❛r❣✐♥ r❡s✉❧ts ✇❡ ❢✉rt❤❡r ❞✐s❡♥t❛♥❣❧❡ ❛ ✜r♠✬s ❡①✲
♣♦rts ✐♥t♦ ♥❡✇ tr❛♥s❛❝t✐♦♥s ❛♥❞ t❤❡ t❡r♠✐♥❛t✐♦♥ ♦❢ ❡①✐st✐♥❣ ♣r♦❞✉❝t✲❝♦✉♥tr②
tr❛♥s❛❝t✐♦♥s ✇❤✐❝❤ ❣✐✈❡s ✉s ❛ ♠❡❛s✉r❡ ♦❢ ♥❡t tr❛❞❡ ❝r❡❛t✐♦♥✳ ◆❡✇ tr❛♥s❛❝✲
✶✸❋♦r ❡①❛♠♣❧❡✱ ❛ ✜r♠ t❤❛t ✐♥♥♦✈❛t❡s ❛t t❤❡ st❛rt ♦❢ t❤❡ s❛♠♣❧❡ ❛♥❞ ❞♦❡s ♥♦t s✇✐t❝❤
✐♥t♦ tr❡❛t♠❡♥ts t✇♦✱ t❤r❡❡ ♦r ❢♦✉r ✐s ❞r♦♣♣❡❞✳
✶✹❆s ♣❛rt ♦❢ t❤❡ ♠❛t❝❤✐♥❣ ♣r♦❝❡❞✉r❡✱ ❛❢t❡r ✐❞❡♥t✐❢②✐♥❣ ❛ tr❡❛t❡❞ ✜r♠ ❛t t = 0✱ ✇❡ ❞r♦♣
t❤❡ s✉❜s❡q✉❡♥t ♦❜s❡r✈❛t✐♦♥s ♦❢ t❤❡ s❛♠❡ ✜r♠ s♦ t❤❛t ❛ ✜r♠ ❝❛♥♥♦t ❜❡ ♠❛t❝❤❡❞ ✇✐t❤
✐ts❡❧❢ ♦r ❜❡ ❡rr♦♥❡♦✉s❧② ✐♥❝❧✉❞❡❞ ✐♥ t❤❡ ❝♦♥tr♦❧ ❣r♦✉♣ ❛❢t❡r ❜❡✐♥❣ tr❡❛t❡❞✳
✶✺❚❤✐s r❡str✐❝t✐♦♥ r❡❞✉❝❡s ♦✉r s❛♠♣❧❡ ❜② ❛❧♠♦st ✻✱✵✵✵ ♦❜s❡r✈❛t✐♦♥s ❜✉t ♦♥❧② ✶✵✸ ♦❢
t❤❡s❡ ❝♦rr❡s♣♦♥❞ t♦ tr❡❛t❡❞ ✜r♠s✳ ❚❤❡r❡❢♦r❡✱ r❡str✐❝t✐♥❣ t❤❡ s❛♠♣❧❡ t♦ ❡①✐st✐♥❣ ❡①♣♦rt❡rs
❤❛s t❤❡ ❢✉rt❤❡r ❛❞✈❛♥t❛❣❡ ♦❢ ✐♥❝r❡❛s✐♥❣ t❤❡ s✐♠✐❧❛r✐t② ❜❡t✇❡❡♥ t❤❡ s✉❜✲s❛♠♣❧❡s ♦❢ tr❡❛t❡❞
❛♥❞ ❝♦♥tr♦❧ ✜r♠s✳
✶✺
t✐♦♥s ❛r❡ ♠❡❛s✉r❡❞ ❛s t❤❡ ✈❛❧✉❡✱ ✐♥ ❡❛❝❤ t✐♠❡ ♣❡r✐♦❞✱ ♦❢ tr❛♥s❛❝t✐♦♥s t❤❛t
✇❡r❡ ♥♦t ♣❛rt ♦❢ t❤❡ ❡①♣♦rt ♣♦rt❢♦❧✐♦ ♦❢ t❤❡ ✜r♠ ❛t t✐♠❡ t − 1✳ ❚❡r♠✐✲
♥❛t❡❞ tr❛♥s❛❝t✐♦♥s ❛r❡ ♠❡❛s✉r❡❞ ❛s t❤❡ ✈❛❧✉❡ ❛t t✐♠❡ t− 1 ♦❢ ❝♦✉♥tr②✲♣❛✐r
tr❛♥s❛❝t✐♦♥s t❤❛t ❛r❡ ♥♦ ❧♦♥❣❡r ♦❜s❡r✈❡❞ ✐♥ ❡❛❝❤ t✐♠❡ ♣❡r✐♦❞✳✶✻ ❚❤❡ ♥❡t
tr❛❞❡ ♦✉t❝♦♠❡ ✐s ♠❡❛s✉r❡❞ ❛s t❤❡ ❧♦❣ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ ♥❡✇ ❛♥❞ t❡r♠✐✲
♥❛t❡❞ tr❛♥s❛❝t✐♦♥s✳ ❚❤❡ ❝❛✉s❛❧ ❡✛❡❝t ♦❢ ✐♥♥♦✈❛t✐✈❡ ❛❝t✐✈✐t✐❡s ♦♥ t❤❡ ❡①♣♦rt





✇❤❡r❡ t❤❡ s✉❜s❝r✐♣ts ❞❡♥♦t❡ t❤❡ ✐♥♥♦✈❛t✐♦♥ tr❡❛t♠❡♥ts a ✉♥❞❡rt❛❦❡♥ ❜②
✜r♠ i ❛t t✐♠❡ t ♦r ✵ ❢♦r ✜r♠s ✇❤♦ ❞✐❞ ♥♦t ✐♥♥♦✈❛t❡ ❞✉r✐♥❣ ♦✉r s❛♠♣❧❡ ♣❡r✐♦❞✳
❚❤✉s✱ y0i(t+n) r❡♣r❡s❡♥ts t❤❡ ❡①♣♦rt ♣❡r❢♦r♠❛♥❝❡ ♦❢ ✜r♠ i ❛t t✐♠❡ t+ n ✐❢ ✐t
❞✐❞ ♥♦t ♣❡r❢♦r♠ ❛♥② ♦❢ t❤❡ ❢♦✉r ✐♥♥♦✈❛t✐♦♥ tr❡❛t♠❡♥ts ❛t t✐♠❡ t✳ ❘❡♠❡♠❜❡r
✇❡ ❛r❡ ✐♥t❡r❡st❡❞ ✐♥ ✐❞❡♥t✐❢②✐♥❣ t❤❡ ❞✐✛❡r❡♥❝❡s ✐♥ ❡①♣♦rt ♣❡r❢♦r♠❛♥❝❡ ❛❢t❡r
❛ ✜r♠ st❛rts ✐♥♥♦✈❛t✐♥❣✳ ❍❡♥❝❡✱ ✇❡ ❝❛♥ ❡①♣r❡ss t❤❡ ❛✈❡r❛❣❡ ❡✛❡❝t ♦♥ ❡①♣♦rt
♣❡r❢♦r♠❛♥❝❡ t❤❛t ♥❡✇ ✐♥♥♦✈❛t♦rs ✇♦✉❧❞ ❤❛✈❡ ❡①♣❡r✐❡♥❝❡❞ ✐❢ t❤❡② ❤❛❞ ♥♦t















y0i(t+n) | Sit = a
)
✭✷✮
✇❤❡r❡ τa,0 r❡♣r❡s❡♥ts t❤❡ ❡①♣❡❝t❡❞ ❡✛❡❝t ♦♥ ♦✉t❝♦♠❡ y ♦❢ tr❡❛t♠❡♥t
a ✐♥ t❤❡ ♣♦st✲tr❡❛t♠❡♥t ♣❡r✐♦❞✱ r❡❧❛t✐✈❡ t♦ t❤❡ ❡✛❡❝t ♦❢ ♥♦ tr❡❛t♠❡♥t 0
❢♦r t❤❡ s❛♠❡ ✜r♠✳ ❲❡ ❛r❡ ✐♥t❡r❡st❡❞ ✐♥ t❤❡ ❛✈❡r❛❣❡ tr❡❛t♠❡♥t ❡✛❡❝t ❢♦r
❡❛❝❤ ♦❢ t❤❡ tr❡❛t♠❡♥ts a✱ t❤❛t ✐s✱ t❤❡ ❞✐✛❡r❡♥❝❡ ✐♥ t❤❡ ♦✉t❝♦♠❡ ❛ ✜r♠
✇♦✉❧❞ ❤❛✈❡ ❡①♣❡r✐❡♥❝❡❞ ✐❢ ✐t ❤❛❞ ♥♦t ♣❡r❢♦r♠❡❞ tr❡❛t♠❡♥t a✳ ❚❤❡ ♣r♦❜✲
✶✻❚❤❡ t❡r♠✐♥❛t❡❞ tr❛♥s❛❝t✐♦♥ ✈❛r✐❛❜❧❡ ✐s ❝✉♠✉❧❛t✐✈❡ ♦✈❡r t❤❡ t❤r❡❡ ②❡❛r ♣❡r✐♦❞ ❜❡t✇❡❡♥
t ❛♥❞ t+ 3✳
✶✻
❧❡♠ ✐s t❤❛t ♦♥❧② ♦♥❡ ♦❢ t❤❡ t✇♦ ♣♦ss✐❜❧❡ ♦✉t❝♦♠❡s ✐♥ t❤❡ ♣r❡✈✐♦✉s ❡q✉❛t✐♦♥
✐s ♦❜s❡r✈❛❜❧❡✱ ✇❤❡t❤❡r t❤❡ ✜r♠ ❞❡❝✐❞❡s t♦ ♣❡r❢♦r♠ ❛♥ ✐♥♥♦✈❛t✐♥❣ ❛❝t✐✈✐t②
♦r ♥♦t✱ ✇❤✐❧❡ t❤❡ ❝♦✉♥t❡r✲❢❛❝t✉❛❧ ❢♦r t❤❡ s❛♠❡ ✜r♠ ✐s ♥♦t ♦❜s❡r✈❡❞✳ ❙✐♥❝❡
E
(
y0i(t+n) | Sit = a
)
✐s ♥♦t ♦❜s❡r✈❛❜❧❡✱ ✇❡ ❝♦♥str✉❝t ❛ ❝♦♥tr♦❧ ❣r♦✉♣ ❜② ❝♦♥✲
s✐❞❡r✐♥❣ ✐♥st❡❛❞ t❤❡ ❡✛❡❝t ♦❢ ♥♦ tr❡❛t♠❡♥t ♦♥ s✐♠✐❧❛r ✜r♠s ✇❤✐❝❤ ❤❛✈❡ ♥♦t
✐♥♥♦✈❛t❡❞✱ E
(
y0l(t+n) | Sit = 0
)
✳
❚♦ ❜✉✐❧❞ ❛♥ ❛♣♣r♦♣r✐❛t❡ ❝♦♥tr♦❧ ❣r♦✉♣ ✇❡ ❛♣♣❧② ❛ ♠❛t❝❤✐♥❣ ❛♣♣r♦❛❝❤
❞❡✈❡❧♦♣❡❞ ❜② ❘♦s❡♥❜❛✉♠ ❛♥❞ ❘✉❜✐♥ ✭✶✾✽✸✮ ❛♥❞ ❍❡❝❦♠❛♥ ❡t ❛❧✳ ✭✶✾✾✼✮✳
❚❤❡ ❛✐♠ ♦❢ ♠❛t❝❤✐♥❣ t❡❝❤♥✐q✉❡s ✐s t♦ s❡❧❡❝t ❢r♦♠ t❤❡ s❛♠♣❧❡ ♦❢ ✉♥tr❡❛t❡❞
✜r♠s ❛ ❝♦♥tr♦❧ ❣r♦✉♣ ❢♦r ✇❤✐❝❤ t❤❡ ❞✐str✐❜✉t✐♦♥ ♦❢ ♦❜s❡r✈❡❞ ❝❤❛r❛❝t❡r✐st✐❝s
✐♥ t❤❡ ♣r❡✲✐♥♥♦✈❛t✐♦♥ ♣❡r✐♦❞ ✐s ❛s s✐♠✐❧❛r ❛s ♣♦ss✐❜❧❡ t♦ t❤❡ ❞✐str✐❜✉t✐♦♥ ♦❢
tr❡❛t❡❞ ✜r♠s ✭❇❡❝❦❡r ❛♥❞ ■❝❤✐♥♦ ✷✵✵✷✮✳ ❲❡ ❡st✐♠❛t❡ t❤❡ ♣r♦❜❛❜✐❧✐t② ♦❢ ❡❛❝❤
♦❢ t❤❡ ✐♥♥♦✈❛t✐♥❣ tr❡❛t♠❡♥ts ❛t t✐♠❡ t ❜② ❛ ♠✉❧t✐♥♦♠✐❛❧ ❧♦❣✐t ♠♦❞❡❧✳ ❋♦❧✲
❧♦✇✐♥❣ t❤❡ ♣r❡✈✐♦✉s ❧✐t❡r❛t✉r❡✱ t♦ ❡st✐♠❛t❡ t❤❡ ♣r♦❜❛❜✐❧✐t② ♦❢ ✐♠♣❧❡♠❡♥t✐♥❣
❛♥ ✐♥♥♦✈❛t✐♦♥ tr❡❛t♠❡♥t ♦✉r ❡①♣❧❛♥❛t♦r② ✈❛r✐❛❜❧❡s ❛r❡ ❛ s❡t ♦❢ ✜r♠ ❝❤❛r❛❝✲
t❡r✐st✐❝s ❢♦r ✜r♠ ✐ ❛t t✐♠❡ t✲✶✳ ❚❤❡ ❝❤❛r❛❝t❡r✐st✐❝s ✐♥❝❧✉❞❡ t❤❡ ❧❛❣❣❡❞ ✈❛❧✉❡s
♦❢ t❤❡ ❢♦❧❧♦✇✐♥❣ ✈❛r✐❛❜❧❡s✿ t♦t❛❧ ❡♠♣❧♦②♠❡♥t ❛♥❞ ✐ts sq✉❛r❡❞ ✈❛❧✉❡❀ ❛✈❡r❛❣❡
s❛❧❛r②❀ ❚❋P❀ ❝❛♣✐t❛❧ ✐♥t❡♥s✐t②❀ ❝❛s❤✲✢♦✇❀ ❛♥❞ t✇♦ ✈❛r✐❛❜❧❡s ♠❡❛s✉r❡❞ ❛t
t✐♠❡ t t♦ ❝❛♣t✉r❡ ❛ ✜r♠✬s ❛✣❧✐❛t✐♦♥ t♦ ❛ ❋r❡♥❝❤ ❣r♦✉♣ ♦r ❛ ❢♦r❡✐❣♥ ❣r♦✉♣✳
❲❡ ❛❧s♦ ✐♥❝❧✉❞❡ ✐♥❞✉str② ✭✷✲❞✐❣✐t ◆❆❈❊ r❡✈✳✶ ✐♥❞✉str✐❡s✮✱ ②❡❛rs ❛♥❞ r❡❣✐♦♥s
❞✉♠♠✐❡s✳ ■♥ ❛❞❞✐t✐♦♥✱ ❜❡❝❛✉s❡ ♦❢ t❤❡ ♣♦ss✐❜❧❡ r❡✈❡rs❡ ❝❛✉s❛❧✐t② ❜❡t✇❡❡♥ ✐♥✲
♥♦✈❛t✐♦♥ ❛♥❞ ❡①♣♦rt✐♥❣✱ ✇❡ ❛❧s♦ ✐♥❝❧✉❞❡ ✜r♠s✬ ♣r❡✈✐♦✉s ❡①♣♦rt ✐♥t❡♥s✐t②✳ ■♥
❛❞❞✐t✐♦♥✱ ❜② ♠✐t✐❣❛t✐♥❣ ♣r♦❜❧❡♠s ❛ss♦❝✐❛t❡❞ ✇✐t❤ r❡✈❡rs❡ ❝❛✉s❛❧✐t②✱ t❤✐s ❛❧s♦
❡♥❛❜❧❡s ✉s t♦ ❛✈♦✐❞ t❤❡ ♣♦t❡♥t✐❛❧ ✐♠♣❛❝t ♦❢ ✐♥♥♦✈❛t✐♦♥ ♦♥ ❡①♣♦rts ✐♥ t❤❡
❉✐❉ ❡st✐♠❛t✐♦♥ t❤❛t ♠❛② ❜❡ ❞r✐✈❡♥ ❜② ♣r❡✈✐♦✉s ❡①♣❡r✐❡♥❝❡ ✐♥ ✐♥t❡r♥❛t✐♦♥❛❧
♠❛r❦❡ts✳ ❚❤✐s ♠❡❛♥ t❤❛t ♦✉r ♠❛t❝❤✐♥❣ ♣r♦❝❡❞✉r❡ ✐s ❛❜❧❡ t♦ ❞r❛✇ ❢r♦♠ t❤❡
❝♦♥tr♦❧ ❣r♦✉♣ t❤♦s❡ ✜r♠s ✇✐t❤ ❛♥ ❡①♣♦rt ♣❡r❢♦r♠❛♥❝❡ t❤❛t ✐s ❛s s✐♠✐❧❛r ❛s
✶✼
♣♦ss✐❜❧❡ t♦ t❤❛t ♦❢ t❤❡ tr❡❛t❡❞ ✜r♠s✳✶✼
◆❡①t ✇❡ ✉s❡ t❤❡ ♣r❡❞✐❝t❡❞ ♣r♦❜❛❜✐❧✐t✐❡s ✭♦r ♣r♦♣❡♥s✐t② s❝♦r❡s✮ ❢r♦♠ t❤❡
♠✉❧t✐♥♦♠✐❛❧ ❧♦❣✐t ❡st✐♠❛t✐♦♥s t♦ ♠❛t❝❤ tr❡❛t❡❞ ✇✐t❤ ❝♦♥tr♦❧ ♦❜s❡r✈❛t✐♦♥s✳
❲❡ ♣❡r❢♦r♠ t❤❡ ♠❛t❝❤✐♥❣ ✇✐t❤✐♥ ❡❛❝❤ ✷✲❞✐❣✐t ◆❆❈❊ s❡❝t♦r ❛♥❞ ❢♦r ❡❛❝❤
②❡❛r ✐♥ ♦r❞❡r t♦ ❝r❡❛t❡ ♠♦r❡ ❤♦♠♦❣❡♥❡♦✉s ❝♦♥tr♦❧ ❣r♦✉♣s ✐♥st❡❛❞ ♦❢ ♠❛t❝❤✲
✐♥❣ ❛❝r♦ss t❤❡ ❡♥t✐r❡ s❛♠♣❧❡ ♦❢ ❋r❡♥❝❤ ♠❛♥✉❢❛❝t✉r✐♥❣ ✜r♠s ✭●✐r♠❛ ❡t ❛❧✳
✷✵✵✹✱ ❉❡ ▲♦❡❝❦❡r ✷✵✵✼ ❛♥❞ ❊❧❧✐♦tt ❡t ❛❧✳ ✷✵✶✻✮✳ ■♥ t❤✐s ✇❛②✱ ✇❡ t❛❦❡ ✐♥t♦
❛❝❝♦✉♥t t❤❡ ❧❛r❣❡ ✈❛r✐❛♥❝❡ ✐♥ t❤❡ ♣r♦❜❛❜✐❧✐t② ❛♥❞ t❤❡ ❡✛❡❝t ♦❢ st❛rt✐♥❣ ❛♥
✐♥♥♦✈❛t✐♥❣ ❛❝t✐✈✐t② ♦♥ ❡①♣♦rt ♣❡r❢♦r♠❛♥❝❡ ❛❝r♦ss ❞✐✛❡r❡♥t ♠❛♥✉❢❛❝t✉r✐♥❣
✐♥❞✉str✐❡s✳ ❚❤✐s ❛❧❧♦✇s ✉s t♦ t❛❦❡ ✐♥t♦ ❛❝❝♦✉♥t ❛❧s♦ t✐♠❡✲✈❛r✐❛♥t s❤♦❝❦s
✇❤✐❝❤ ♠✐❣❤t ❤❛✈❡ ❛✛❡❝t❡❞ ✜r♠s ❛❝r♦ss ❞✐✛❡r❡♥t ✐♥❞✉str✐❡s ✭❇❧✉♥❞❡❧❧ ❛♥❞
❉✐❛s ✷✵✵✾✮✳
❋♦r ♦✉r ♠❛t❝❤✐♥❣ ♣r♦❝❡❞✉r❡ ✇❡ ❛♣♣❧② ✶✲t♦✲✶ ♥❡❛r❡st ♥❡✐❣❤❜♦r ✇✐t❤
❝❛❧✐♣❡r ♠❛t❝❤✐♥❣ ♠❡t❤♦❞s t♦ ♠❛t❝❤ ✜r♠s ✇✐t❤✐♥ t❤❡ s❛♠❡ ✐♥❞✉str② ❛♥❞ ②❡❛r
❛♥❞ ❢♦r ✇❤✐❝❤ t❤❡ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ t❤❡✐r ♣r♦♣❡♥s✐t② s❝♦r❡s ✐s t❤❡ s♠❛❧❧❡st
♣♦ss✐❜❧❡ ✇✐t❤✐♥ t❤❡ s♣❡❝✐✜❡❞ ❝❛❧✐♣❡r✳ ❲❡ ❛❧s♦ ✐♠♣♦s❡ ❛ ❝♦♠♠♦♥ s✉♣♣♦rt
❝♦♥❞✐t✐♦♥ ❜② ❞r♦♣♣✐♥❣ t❤❡ tr❡❛t❡❞ ✜r♠s ✇❤♦s❡ ♣r♦♣❡♥s✐t② s❝♦r❡s ❛r❡ ❤✐❣❤❡r
t❤❛♥ t❤❡ ♠❛①✐♠✉♠ ♦r ❧♦✇❡r t❤❛♥ t❤❡ ♠✐♥✐♠✉♠ ♦❢ t❤♦s❡ ♣❡rs✐st❡♥t ♥♦♥✲
✐♥♥♦✈❛t♦rs✳ ❚❤❡ ✶✲t♦✲✶ ♥❡❛r❡st ♥❡✐❣❤❜♦r ❡st✐♠❛t♦r ❛ss♦❝✐❛t❡s t❤❡ ♦✉t❝♦♠❡
yit ♦❢ tr❡❛t❡❞ ✜r♠ i t♦ ❛ ♠❛t❝❤❡❞ ♦✉t❝♦♠❡✳ ❚❛❜❧❡s ❆✷✱ ❆✸✱ ❆✹ ❛♥❞ ❆✺ ✐♥
✶✼❆❧❧ ❝♦♥t✐♥✉♦✉s ✈❛r✐❛❜❧❡s ✐♥ t❤❡ ♠✉❧t✐♥♦♠✐❛❧ ❧♦❣✐t ♠♦❞❡❧ ❛r❡ ❡①♣r❡ss❡❞ ✐♥ ♥❛t✉r❛❧
❧♦❣❛r✐t❤♠ ❡①❝❡♣t ❢♦r t❤❡ ❝❛s❤ ✢♦✇ ❛♥❞ ❡①♣♦rt ✐♥t❡♥s✐t② ✈❛r✐❛❜❧❡s✳ ❚❛❜❧❡ ❆✶ ♣r❡s❡♥ts
t❤❡ r❡s✉❧ts ♦❢ t❤❡ ♠✉❧t✐♥♦♠✐❛❧ ❧♦❣✐t ✉s❡❞ t♦ ❡st✐♠❛t❡ t❤❡ ♣r♦♣❡♥s✐t② s❝♦r❡✳ ❆s ❡①♣❡❝t❡❞✱
t❤❡ ♠❛❥♦r✐t② ♦❢ t❤❡ ✈❛r✐❛❜❧❡s ❤❛✈❡ ❛ ♣♦s✐t✐✈❡ ❛♥❞ s✐❣♥✐✜❝❛♥t ❡✛❡❝t ♦♥ t❤❡ ♣r♦❜❛❜✐❧✐t② ♦❢
✉♥❞❡rt❛❦✐♥❣ ♦♥❡ ♦❢ t❤❡ ❢♦✉r tr❡❛t♠❡♥ts✳ ❚❋P ✐s ❣❡♥❡r❛❧❧② ✐♥s✐❣♥✐✜❝❛♥t✳ ❆✈❡r❛❣❡ s❛❧❛r②
❛♥❞ ❝❛s❤ ✢♦✇ ❞❡s♣✐t❡ ❜❡✐♥❣ s✐❣♥✐✜❝❛♥t ❢♦r t❤❡ ♣r♦❜❛❜✐❧✐t② ♦❢ t❤❡ ♦t❤❡r t❤r❡❡ tr❡❛t♠❡♥ts✱
❞♦ ♥♦t s❡❡♠ t♦ ❜❡ r❡❧❡✈❛♥t ❢♦r t❤❡ ✐♥tr♦❞✉❝t✐♦♥ ♦❢ ♣r♦❝❡ss ✐♥♥♦✈❛t✐♦♥✳ Pr❡✈✐♦✉s ❡①♣♦rt
✐♥t❡♥s✐t② ❛♥❞ t♦t❛❧ ❡♠♣❧♦②♠❡♥t ❤❛✈❡ ❛ ♣♦s✐t✐✈❡ ❛♥❞ s✐❣♥✐✜❝❛♥t ✐♠♣❛❝t ♦♥ t❤❡ ♣r♦❜❛❜✐❧✐t②
♦❢ ✉♥❞❡rt❛❦✐♥❣ ❛♥② ♦❢ t❤❡ ♣♦ss✐❜❧❡ tr❡❛t♠❡♥ts✱ ❤✐❣❤❧✐❣❤t✐♥❣ t❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ ♣r❡✈✐♦✉s
✐♥t❡r♥❛t✐♦♥❛❧ ❡①♣❡r✐❡♥❝❡ ❛♥❞ ✜r♠ s✐③❡ ❛s ❞r✐✈❡rs ♦❢ ✐♥♥♦✈❛t✐♦♥✳ ❍♦✇❡✈❡r✱ ❛s ✐♥❞✐❝❛t❡❞ ❜②
❚❛❜❧❡ ❆✶✱ t❤❡ ❡✛❡❝t ♦❢ ✜r♠ s✐③❡ ✐s ♥♦♥✲❧✐♥❡❛r✳ ❇❡✐♥❣ ❛ ♠❡♠❜❡r ♦❢ ❛ ❋r❡♥❝❤ ❣r♦✉♣ ❛❧s♦
✐♥❝r❡❛s❡s t❤❡ ♣r♦❜❛❜✐❧✐t② ♦❢ ✉♥❞❡rt❛❦✐♥❣ ❡❛❝❤ ♦❢ ♦✉r ❢♦✉r tr❡❛t♠❡♥ts✳
✶✽
t❤❡ ❛♣♣❡♥❞✐① ♣r❡s❡♥t ❜❛❧❛♥❝✐♥❣ t❡sts ♦❢ t❤❡ q✉❛❧✐t② ♦❢ t❤❡ ♠❛t❝❤✐♥❣ ♣r♦❝❡✲
❞✉r❡ ❛♥❞ ♦❢ t❤❡ ❝♦♠♣❛r❛❜✐❧✐t② ♦❢ t❤❡ ♠❛t❝❤❡❞ ❛♥❞ ❝♦♥tr♦❧ ❣r♦✉♣s ❢♦r ❡❛❝❤
♦❢ ♦✉r ❢♦✉r tr❡❛t♠❡♥ts✳ ❲❡ ✈❡r✐❢② t❤❛t t❤❡ ❝♦✈❛r✐❛t❡s ✉s❡❞ t♦ ❡st✐♠❛t❡ t❤❡
♣r♦❜❛❜✐❧✐t② ♦❢ st❛rt✐♥❣ ❛♥ ✐♥♥♦✈❛t✐✈❡ ❛❝t✐✈✐t② ❛r❡ ♥♦t s✐❣♥✐✜❝❛♥t❧② ❞✐✛❡r❡♥t
❜❡t✇❡❡♥ t❤❡ tr❡❛t❡❞ ❛♥❞ t❤❡ ❝♦♥tr♦❧ ❣r♦✉♣ ❛♥❞ ✇❡ r❡♣♦rt t❤❡ ❛❝❤✐❡✈❡❞ ♣❡r✲
❝❡♥t❛❣❡ r❡❞✉❝t✐♦♥ ✐♥ t❤❡ st❛♥❞❛r❞✐s❡❞ ❜✐❛s ❛❢t❡r t❤❡ ♠❛t❝❤✐♥❣ ✭❈❛❧✐❡♥❞♦
❛♥❞ ❑♦♣❡✐♥✐❣ ✷✵✵✽✮✳ ❚❤❡ ✈❛r✐❛♥❝❡ r❛t✐♦s ❜❡t✇❡❡♥ tr❡❛t❡❞ ♦✈❡r ♥♦♥✲tr❡❛t❡❞
✐♥❞✐❝❛t❡ ❛ ❣♦♦❞ ❜❛❧❛♥❝❡ ❢♦r ♠♦st ♦❢ t❤❡ ✈❛r✐❛❜❧❡s✱ ✇✐t❤ ♥♦♥❡ ♦❢ t❤❡♠ ❜❡✐♥❣
♦❢ ♣❛rt✐❝✉❧❛r ❝♦♥❝❡r♥ ❢♦r t❤❡ q✉❛❧✐t② ♦❢ t❤❡ ♠❛t❝❤✐♥❣✳✶✽
❆❢t❡r ♠❛t❝❤✐♥❣ ✇❡ ❡st✐♠❛t❡ ❛ ❉✐❉ r❡❣r❡ss✐♦♥✳ ■♥ t❤✐s ✇❛② ✇❡ ❛r❡ ❛❜❧❡
t♦ ❡st✐♠❛t❡ ❝❤❛♥❣❡s ✐♥ t❤❡ tr❛❞❡ ♠❛r❣✐♥s ❢♦r ❡①♣♦rt✐♥❣ ✜r♠s ✐♥ t❤❡ ②❡❛r
t❤❡② st❛rt❡❞ ✐♥♥♦✈❛t✐♥❣ ❛♥❞ t❤❡ s✉❜s❡q✉❡♥t t❤r❡❡ ②❡❛rs ✇✐t❤ r❡s♣❡❝t t♦ t❤❡
♣r❡✲tr❡❛t♠❡♥t ❧❡✈❡❧ ✭t✲✶✮ ❛♥❞ t♦ ❝♦♠♣❛r❡ ✐t ✇✐t❤ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❝❤❛♥❣❡s
❢♦r ❡①♣♦rt✐♥❣ ♥♦♥✲✐♥♥♦✈❛t♦rs✳ ❉✉❡ t♦ ❛ r❡❞✉❝t✐♦♥ ✐♥ s❛♠♣❧❡ s✐③❡s ❛s ✇❡
♠♦✈❡ t❤r♦✉❣❤ t✐♠❡✱ ✇❡ ♦♥❧② ❝♦♥s✐❞❡r t❤❡ ❞✐✛❡r❡♥❝❡ ✐♥ ❡①♣♦rts ❢♦r ✉♣ t♦
t❤r❡❡ ②❡❛rs ❛❢t❡r t❤❡ ✐♥✐t✐❛❧ ✐♥♥♦✈❛t✐♦♥✳✶✾
✹ ❘❡s✉❧ts
❲❡ ❜❡❣✐♥ t❤❡ r❡s✉❧ts s❡❝t✐♦♥ ♦❢ t❤❡ ♣❛♣❡r ✇✐t❤ ❚❛❜❧❡ ✷ t❤❛t ♣r❡s❡♥ts ❛ s❡r✐❡s
♦❢ s✉♠♠❛r② st❛t✐st✐❝s✳ ❲❡ ♣r♦✈✐❞❡ ❛ s✉♠♠❛r② ❢♦r t❤❡ ❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥
✶✽❉✐✛❡r❡♥t ♠❛t❝❤✐♥❣ ❛❧❣♦r✐t❤♠s ❤❛✈❡ ❜❡❡♥ ♣r♦♣♦s❡❞✳ ❚❤❡s❡ ♠❛✐♥❧② ✈❛r② ✐♥ t❡r♠s ♦❢
❤♦✇ t❤❡ ♥❡✐❣❤❜♦r❤♦♦❞ ♦❢ ❝♦♥tr♦❧ ✐♥❞✐✈✐❞✉❛❧s ✐s ❜✉✐❧t ❛r♦✉♥❞ t❤❡ tr❡❛t❡❞ ♦❜s❡r✈❛t✐♦♥s
❛♥❞ ♣r♦✈✐❞❡ ❞✐✛❡r❡♥t s♦❧✉t✐♦♥s t♦ t❤❡ tr❛❞❡✲♦✛ ❜❡t✇❡❡♥ ♠❛t❝❤✐♥❣ q✉❛❧✐t② ❛♥❞ ✈❛r✐❛♥❝❡
✭❈❛❧✐❡♥❞♦ ❛♥❞ ❑♦♣❡✐♥✐❣ ✷✵✵✽✮✳ ■♥ r♦❜✉st♥❡ss ❝❤❡❝❦s ✇❡ ♣❡r❢♦r♠ ♥❡❛r❡st✲♥❡✐❣❤❜♦r ✇✐t❤ ✺
♠❛t❝❤❡s ❛♥❞ ❑❡r♥❡❧ ❞❡♥s✐t② ♠❛t❝❤✐♥❣ ✭✇✐t❤ ❛ ✵✳✵✸ ❜❛♥❞✇✐❞t❤✮✳ ❚❤❡ r❡s✉❧ts ❛r❡ ♣r❡s❡♥t❡❞
❛♥❞ ❞✐s❝✉ss❡❞ ✐♥ t❤❡ r♦❜✉st♥❡ss ❝❤❡❝❦s s❡❝t✐♦♥ ♦❢ t❤❡ ♣❛♣❡r✳
✶✾❖✉r s❛♠♣❧❡ ♦❢ tr❡❛t❡❞ ❛♥❞ ❝♦♥tr♦❧ ✜r♠s ✐♥❝❧✉❞❡s t❤♦s❡ ✜r♠s t❤❛t ❝♦♥t✐♥✉❡ t♦ ❡①♣♦rt
❛❢t❡r tr❡❛t♠❡♥t ✭✶✵✾✹✵ ✜r♠s✮ ❛♥❞ t❤♦s❡ ✜r♠s t❤❛t st♦♣♣❡❞ ❡①♣♦rt✐♥❣ ❡✈❡♥ ❛❢t❡r st❛rt✐♥❣
t♦ ❡♥❣❛❣❡ ✐♥ t❤❡ ✐♥♥♦✈❛t✐♦♥ ♣r♦❝❡ss ✭✶✻✼ ✜r♠s✮✳ ■♥ ❢✉rt❤❡r ❛♥❛❧②s✐s ✇❡ ❡st✐♠❛t❡ r❡s✉❧ts
✐♥❝❧✉❞✐♥❣ ♦♥❧② ❝♦♥t✐♥✉♦✉s ❡①♣♦rt❡rs t❤❡ r❡s✉❧ts ♦❢ ✇❤✐❝❤ ❛r❡ ❞✐s❝✉ss❡❞ ✐♥ t❤❡ r♦❜✉st♥❡ss
❝❤❡❝❦s s❡❝t✐♦♥ ♦❢ t❤❡ ♣❛♣❡r✳
✶✾
♦✉r ❢♦✉r ❛❧t❡r♥❛t✐✈❡ ✐♥♥♦✈❛t✐♦♥ tr❡❛t♠❡♥t ❣r♦✉♣s✱ ♠❡❛s✉r❡❞ ❢♦r ❡❛❝❤ ✜r♠
❛t t = 0✱ ❢♦r ♥♦♥✲✐♥♥♦✈❛t♦rs ❛♥❞ ✜r♠s t❤❛t s✇✐t❝❤ t♦ ❡❛❝❤ ♦❢ t❤❡ ❢♦✉r ❞✐❢✲
❢❡r❡♥t tr❡❛t♠❡♥ts✳ ❚❤❡ r❡s✉❧ts s❤♦✇ t❤❛t ✜r♠s ✇❤♦ ✉♥❞❡rt❛❦❡ ❜♦t❤ ♣r♦❝❡ss
❛♥❞ ♣r♦❞✉❝t ✐♥♥♦✈❛t✐♦♥ ❛r❡ ❧❛r❣❡r✱ ♣❛② ❤✐❣❤❡r s❛❧❛r✐❡s ❛♥❞ ❛r❡ t❤❡ ♠♦st
♣r♦❞✉❝t✐✈❡✳ ❚❤❡② ❛❧s♦ ❤❛✈❡ t❤❡ ❤✐❣❤❡st ❘✫❉ ❛♥❞ ❡①♣♦rt ✐♥t❡♥s✐t✐❡s ✭✸✳✾✽✪
❛♥❞ ✸✶✳✶✸✪ r❡s♣❡❝t✐✈❡❧②✮✳ ❋✐r♠s ❞♦✐♥❣ ❘✫❉ ♦♥❧② ♦r ♣r♦❞✉❝t ❛♥❞ ♣r♦❝❡ss
✐♥♥♦✈❛t✐♦♥ ♦♥❧② ❛r❡ r❡❧❛t✐✈❡❧② s✐♠✐❧❛r ✐♥ t❡r♠s ♦❢ ✜r♠ ❝❤❛r❛❝t❡r✐st✐❝s ❛❧✲
t❤♦✉❣❤ ♣r♦❝❡ss ✐♥♥♦✈❛t♦rs t❡♥❞ t♦ ❤❛✈❡ ❤✐❣❤❡r ✈❛❧✉❡s ❢♦r t❤❡ ♠❛❥♦r✐t② ♦❢
✈❛r✐❛❜❧❡s✳ ■♥ t❡r♠s ♦❢ ♦✉r ❡①♣♦rt ❝r❡❛t✐♦♥ ❛♥❞ ❞❡str✉❝t✐♦♥ ✈❛r✐❛❜❧❡s ✇❡ ✜♥❞
t❤❛t ❢♦r ❡❛❝❤ ❣r♦✉♣✱ ✐♥ t❤❡ ②❡❛r ♦❢ tr❡❛t♠❡♥t✱ ♥❡✇ tr❛♥s❛❝t✐♦♥s ❛r❡ ❣r❡❛t❡r
t❤❛♥ t❡r♠✐♥❛t❡❞ tr❛♥s❛❝t✐♦♥s✳ ❋♦r ♥❡✇ tr❛♥s❛❝t✐♦♥s s♣❡❝✐✜❝❛❧❧②✱ ✇❡ ✜♥❞
t❤❛t ✜r♠s ✉♥❞❡rt❛❦✐♥❣ ♣r♦❝❡ss ✐♥♥♦✈❛t✐♦♥✱ ✇❤❡t❤❡r ❛❧♦♥❡ ♦r ❥♦✐♥t❧② ✇✐t❤
♣r♦❞✉❝t ✐♥♥♦✈❛t✐♦♥✱ ❤❛✈❡ ✉♣ t♦ t❤r❡❡ t✐♠❡s t❤❡ ✈❛❧✉❡ ♦❢ ♥❡✇ tr❛♥s❛❝t✐♦♥s✳
❙✉❜s❡q✉❡♥t❧②✱ ♣r♦❝❡ss ✐♥♥♦✈❛t♦rs ❤❛✈❡ ❤✐❣❤❡r ♥❡t tr❛❞❡ ❝r❡❛t✐♦♥✳ ❚❤✐s ✐s
❞❡s♣✐t❡ ♣r♦❝❡ss✲✐♥♥♦✈❛t♦r✲♦♥❧② ✜r♠s ❡①♣♦rt✐♥❣ ♦♥ ❛✈❡r❛❣❡ t♦ ❢❡✇❡r ❝♦✉♥✲
tr✐❡s ❛♥❞ ❡①♣♦rt✐♥❣ ❢❡✇❡r ♣r♦❞✉❝ts✳
❬❚❛❜❧❡ ✷ ❛❜♦✉t ❤❡r❡❪
❚❛❜❧❡ ✸ ♣r❡s❡♥ts t❤❡ r❡s✉❧ts ❢♦r t♦t❛❧ ❡①♣♦rts ✇❤✐❝❤ ❝❛♣t✉r❡s ❝❤❛♥❣❡s
t♦ t❤❡ ✐♥t❡♥s✐✈❡ ❛♥❞ ❡①t❡♥s✐✈❡ ♠❛r❣✐♥s ♦❢ tr❛❞❡✳ ❚❤❡ r❡s✉❧ts ✐♥❝❧✉❞❡ t❤❡
❆❚❚ ❡✛❡❝ts ❢♦r t❤❡ ❢♦✉r ♣♦ss✐❜❧❡ tr❡❛t♠❡♥ts ✐♥ t❤❡ ②❡❛r ❛ ✜r♠ st❛rt❡❞ t♦
✐♥♥♦✈❛t❡ ❛♥❞ ❢♦r t❤❡ ❢♦❧❧♦✇✐♥❣ t❤r❡❡ ②❡❛rs✳ ❚❤❡ ♥✉♠❜❡r ♦❢ tr❡❛t❡❞ ❛♥❞ ✉♥✲
tr❡❛t❡❞ ♦❜s❡r✈❛t✐♦♥s ❢♦r ❡❛❝❤ tr❡❛t♠❡♥t ❛♥❞ ❛❝r♦ss s✉❜✲s❛♠♣❧❡s ❞❡♣❡♥❞s ♦♥
t❤❡ ♥✉♠❜❡r ♦❢ tr❡❛t❡❞ ✜r♠s ❛♠♦♥❣ t❤❡ r❡♠❛✐♥✐♥❣ ❝❛s❡s✱ ♦♥ t❤❡ ♣❡rs✐st❡♥❝❡
♦❢ ✜r♠s ✐♥ ♦✉r s❛♠♣❧❡ ❛♥❞ t❤❡ ♣❡rs✐st❡♥❝❡ ♦❢ ♦❜s❡r✈❛t✐♦♥s ✐♥ t❤❡ ❝♦♠♠♦♥
s✉♣♣♦rt ❜❛s❡❞ ♦♥ t❤❡ ♠❛t❝❤✐♥❣ t❡❝❤♥✐q✉❡ ✉s❡❞✳ ❚❤❡ r❡s✉❧t ✐s t❤❛t t❤❡ s❛♠✲
♣❧❡ s✐③❡ ❞❡❝r❡❛s❡s ❛s t ✐♥❝r❡❛s❡s✳ ◆♦t❡ t❤❛t t❤❡ r❡♣♦rt❡❞ ❝♦❡✣❝✐❡♥ts ❛r❡ t❤❡
❞✐✛❡r❡♥❝❡ ✐♥ t❤❡ ❞✐✛❡r❡♥❝❡s✱ st❛♥❞❛r❞ ❡rr♦rs ❛r❡ r❡♣♦rt❡❞ ✐♥ ❜r❛❝❦❡ts ❜❡❧♦✇
✷✵
t❤❡ ❆❚❚ ❡st✐♠❛t❡s✳✷✵
❬❚❛❜❧❡ ✸ ❛❜♦✉t ❤❡r❡❪
❚❤❡ r❡s✉❧ts ✐♥ ❚❛❜❧❡ ✸ s❤♦✇ t❤❛t ❛❢t❡r st❛rt✐♥❣ t♦ ✐♥✈❡st ✐♥ ❘✫❉ ✭t♦♣
♣❛♥❡❧✮✱ ❛❧t❤♦✉❣❤ t❤❡r❡ ✐s ❛ ♠❛r❣✐♥❛❧❧② s✐❣♥✐✜❝❛♥t ♣♦s✐t✐✈❡ ❡✛❡❝t ♦♥ ❡①♣♦rts
✐♥ ②❡❛r t✱ t♦t❛❧ ❡①♣♦rts ❣r♦✇ ❛t ❛ ❝♦♥s✐❞❡r❛❜❧② ❤✐❣❤❡r r❛t❡ ✐♥ t❤❡ ❢♦❧❧♦✇✐♥❣
t❤r❡❡ ②❡❛rs ❝♦♠♣❛r❡❞ t♦ s✐♠✐❧❛r ✜r♠s t❤❛t ❞✐❞ ♥♦t ❤❛✈❡ ❛♥② ❘✫❉ ❡①♣❡♥✲
❞✐t✉r❡✳ ❖♥ ❛✈❡r❛❣❡✱ ❝♦♠♣❛r❡❞ t♦ t❤❡ ❝♦♥tr♦❧ ❣r♦✉♣✱ ✜r♠s ✇❤♦ ✐♥✈❡st ✐♥
❘✫❉ ❤❛✈❡ ✸✶✳✽ ♣❡r❝❡♥t❛❣❡ ♣♦✐♥t ✭♣♣✮ ❤✐❣❤❡r ❣r♦✇t❤ r❛t❡ ♦❢ t♦t❛❧ ❡①♣♦rts
❛❢t❡r ♦♥❡ ②❡❛r✱ ✾✽✳✷ ♣♣ ❤✐❣❤❡r ❛❢t❡r t✇♦ ②❡❛rs ❛♥❞ ✶✵✾✳✽ ♣♣ ❤✐❣❤❡r ❛❢t❡r
t❤r❡❡ ②❡❛rs✳ ❆ ❞❡t❛✐❧❡❞ ❧♦♦❦ ❛t t❤❡ ❛✈❡r❛❣❡ tr❡❛t♠❡♥t ❡✛❡❝ts s❤♦✇ t❤❛t t❤❡
❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ t✇♦ ❣r♦✉♣s ♦❢ ✜r♠s ✐s ♠❛✐♥❧② ❞r✐✈❡♥ ❜② ❛ ♥❡❣❛t✐✈❡
❣r♦✇t❤ r❛t❡ ♦❢ ❡①♣♦rts ❢♦r t❤❡ ❝♦♥tr♦❧ ❣r♦✉♣✳ ▼♦r❡ s♣❡❝✐✜❝❛❧❧②✱ ✇❡ ✜♥❞ t❤❛t
❢♦r tr❡❛t❡❞ ✜r♠s t❤❡ ❣r♦✇t❤ r❛t❡ ♦❢ t♦t❛❧ ❡①♣♦rts ✐s ✶✷✪ ❛❢t❡r ♦♥❡ ②❡❛r✱ ✷✻✪
❛❢t❡r ✷ ②❡❛rs✱ ❛♥❞ ✶✹✳✽✪ ❛❢t❡r ✸ ②❡❛rs✳ ❍♦✇❡✈❡r t❤❡ ✜r♠s ✐♥ t❤❡ ❝♦♥tr♦❧
❣r♦✉♣ ❡①♣❡r✐❡♥❝❡ ❛ ♥❡❣❛t✐✈❡ ❣r♦✇t❤ ✐♥ t♦t❛❧ ❡①♣♦rts ♦❢ ✶✾✳✹✪ ❛❢t❡r ✶ ②❡❛r✱
✼✷✪ ❛❢t❡r ✷ ②❡❛rs✱ ❛♥❞ ✾✺✪ ❛❢t❡r ✸ ②❡❛rs✳✷✶
❲❡ ✜♥❞ ❛ s✐♠✐❧❛r ❡✛❡❝t ♦♥ t♦t❛❧ ❡①♣♦rts ❢♦r ✜r♠s ✇❤♦ ❤❛✈❡ ✐♥tr♦❞✉❝❡❞
♣r♦❞✉❝t ✐♥♥♦✈❛t✐♦♥ ❜✉t t❤❡ ❡✛❡❝t ✐s ♦❢ ❛ s♠❛❧❧❡r ♠❛❣♥✐t✉❞❡ ✐♥ t❤❡ ✜rst t✇♦
②❡❛rs ❜✉t ♦❢ ❛ s✐♠✐❧❛r ♠❛❣♥✐t✉❞❡ ✐♥ ②❡❛r ✸ ✭✷✾✳✶ ♣♣✱ ✻✼✳✺ ♣♣ ❛♥❞ ✶✵✼✳✻ ♣♣
r❡s♣❡❝t✐✈❡❧②✮✳ ❆❣❛✐♥ t❤❡s❡ ❞✐✛❡r❡♥❝❡s ❛r❡ ❞r✐✈❡♥ ❜② st❛❜❧❡ ❣r♦✇t❤ r❛t❡s ❢♦r
tr❡❛t❡❞ ✜r♠s ✭✶✸✳✺✪✱ ✷✵✳✺✪✱ ❛♥❞ ✸✵✪ ✐♥ ②❡❛rs ✶✱ ✷ ❛♥❞ ✸ r❡s♣❡❝t✐✈❡❧②✮ ❛♥❞
✷✵❚❤❛t ✐s t♦ s❛②✱ t❤❡ ❝❤❛♥❣❡ ✐♥ ❡①♣♦rts r❡❧❛t✐✈❡ t♦ t❤❡ ❝♦♥tr♦❧ ❣r♦✉♣✳ ❋♦r ❡①❛♠♣❧❡✱
❛ ♥❡❣❛t✐✈❡ ❝♦❡✣❝✐❡♥t ♦♥ t♦t❛❧ ❡①♣♦rts ❝♦✉❧❞ ❜❡ t❤❡ r❡s✉❧t ♦❢ ❛♥ ✐♥❝r❡❛s❡ ✐♥ ❡①♣♦rts ❢♦r
t❤❡ tr❡❛t❡❞ ❣r♦✉♣ t❤❛t ❥✉st ❤❛♣♣❡♥s t♦ ❤❛✈❡ ❣r♦✇♥ ♠♦r❡ s❧♦✇❧② t❤❛t t❤❡ ❡①♣♦rts ♦❢ t❤❡
❝♦♥tr♦❧ ❣r♦✉♣✳ ▲✐❦❡✇✐s❡✱ ❛ ♣♦s✐t✐✈❡ ❝♦❡✣❝✐❡♥t ♠❛② ♠❡❛♥ t❤❛t ❡①♣♦rts ❤❛✈❡ ❢❛❧❧❡♥ ❧❡ss
q✉✐❝❦❧② ♦✈❡r t❤❛t ♣❡r✐♦❞ r❡❧❛t✐✈❡ t♦ t❤❡ ❝♦♥tr♦❧ ❣r♦✉♣✳
✷✶❚❤❡ ❢✉❧❧ r❛♥❣❡ ♦❢ ❣r♦✇t❤ r❛t❡s ❢♦r t❤❡ ❝♦♥tr♦❧ ❛♥❞ tr❡❛t❡❞ ❣r♦✉♣s r❡s✉❧t✐♥❣ ❢r♦♠ t❤❡
♠❛t❝❤✐♥❣ ♣r♦❝❡❞✉r❡ ❛r❡ ♥♦t r❡♣♦rt❡❞ ✐♥ t❤❡ ♣❛♣❡r ❜✉t ❛r❡ ❛✈❛✐❧❛❜❧❡ ❢r♦♠ t❤❡ ❛✉t❤♦rs
✉♣♦♥ r❡q✉❡st✳
✷✶
❧❛r❣❡ ♥❡❣❛t✐✈❡ ❣r♦✇t❤ r❛t❡s ❢♦r t❤❡ ❝♦♥tr♦❧ ❣r♦✉♣ ✭✶✺✳✺✪✱ ✹✼✪✱ ❛♥❞ ✼✼✪
✐♥ ②❡❛rs ✶✱ ✷ ❛♥❞ ✸ r❡s♣❡❝t✐✈❡❧②✮✳ ❋♦r ♣r♦❝❡ss ✐♥♥♦✈❛t♦rs ♦♥❧②✱ t❤❡r❡ ✐s ♥♦
s✐❣♥✐✜❝❛♥t ✉♣❧✐❢t ✐♥ ❡①♣♦rts ✉♥t✐❧ t+2 ❛♥❞ t+3✳ ■♥ ❝♦♥tr❛st✱ ✜r♠s t❤❛t ✉♥✲
❞❡rt❛❦❡ ❜♦t❤ ♣r♦❞✉❝t ❛♥❞ ♣r♦❝❡ss ✐♥♥♦✈❛t✐♦♥ ❛t t❤❡ s❛♠❡ t✐♠❡ ❡①♣❡r✐❡♥❝❡
❛♥ ✐♠♠❡❞✐❛t❡ ✐♠♣❛❝t t❤❛t ♣❡rs✐sts ❛♥❞ ✐♥❝r❡❛s❡s ❢♦r t❤❡ ♥❡①t t❤r❡❡ ②❡❛rs✳
■♥ t❤❡ ✜rst t❤r❡❡ tr❡❛t♠❡♥ts t❤❡r❡ ✐s ❛ ❧❛❣ ♦❢ ♦♥❡ ②❡❛r ❜❡❢♦r❡ t♦t❛❧ ❡①♣♦rts
s❡❡ ❛ s✐❣♥✐✜❝❛♥t ✐♥❝r❡❛s❡✳ ❚r❛❞✐t✐♦♥❛❧❧②✱ ✐t ❤❛s ❜❡❡♥ ❛ss✉♠❡❞ t❤✐s ✐s ❞✉❡ t♦
t❤❡ ❢❛❝t t❤❛t ✐t t❛❦❡s t✐♠❡ ❢♦r t❤❡ r❡s✉❧ts ♦❢ ❛♥ ✐♥♥♦✈❛t✐♦♥ t♦ ❢❡❡❞ t❤r♦✉❣❤
✐♥t♦ ❡①♣♦rt ♠❛r❦❡ts ✭■s♦❣❛✇❛ ❡t ❛❧✳ ✷✵✶✷✮✳ ❚♦ ✉♥❞❡rst❛♥❞ ✇❤❡t❤❡r ✐t ✐s t❤❡
✐♥t❡♥s✐✈❡ ♦r ❡①t❡♥s✐✈❡ ♠❛r❣✐♥s ♦❢ tr❛❞❡ t❤❛t ❛r❡ ❞r✐✈✐♥❣ t❤❡ ❝❤❛♥❣❡ ✐♥ t♦✲
t❛❧ ❡①♣♦rts ✇❡ ♥♦✇ ❞✐s❡♥t❛♥❣❧❡ t❤✐s ❡✛❡❝t ✐♥ t❤❡ ❞✐✛❡r❡♥t ♠❛r❣✐♥s ♦❢ ❡①♣♦rts✳
❚❛❜❧❡ ✹ ♣r❡s❡♥ts t❤❡ r❡s✉❧ts ❢♦r t❤❡ ✐♥t❡♥s✐✈❡ ❛♥❞ ❡①t❡♥s✐✈❡ ♠❛r❣✐♥s✳
❚❤❡ ✐♥t❡♥s✐✈❡ ♠❛r❣✐♥ ♦❢ tr❛❞❡ ✐s ♠❡❛s✉r❡❞ ❛s t❤❡ ❝❤❛♥❣❡ ✐♥ t❤❡ ✈❛❧✉❡ ♦❢ ❡①✲
♣♦rts ❢♦r ❡❛❝❤ ❝♦✉♥tr②✲♣❛✐r tr❛♥s❛❝t✐♦♥ t❤❛t ❡①✐st❡❞ ❛t t✐♠❡ t−1✳ ❚❤❡ ♠❛✐♥
✜♥❞✐♥❣ ✐s t❤❛t t❤❡ ❡✛❡❝t ♦❢ ✐♥♥♦✈❛t✐♦♥ ♦♥ t♦t❛❧ ❡①♣♦rts ✐s ♠❛✐♥❧② ❞r✐✈❡♥ ❜②
t❤❡ ✐♥t❡♥s✐✈❡ ♠❛r❣✐♥✳ ❋♦r ❛❧❧ ❢♦✉r tr❡❛t♠❡♥ts✱ t❤❡ ✈❛❧✉❡ ♦❢ ❡①✐st✐♥❣ tr❛♥s✲
❛❝t✐♦♥s ✐♥❝r❡❛s❡s ❢♦r ♥❡✇ ✐♥♥♦✈❛t♦rs ❝♦♠♣❛r❡❞ t♦ t❤❡ ❝♦♥tr♦❧ ❣r♦✉♣✳ ❚❤❡
✐♥❝r❡❛s❡ ❝❛♥ ❜❡ ❡①♣❧❛✐♥❡❞ ❜② ❜❡tt❡r ♣r♦❝❡ss❡s t❤❛t r❡❞✉❝❡ ❝♦sts ♦r ♣r♦❞✉❝t
✐♥♥♦✈❛t✐♦♥ t❤❛t ❝♦✉❧❞✱ ❢♦r ❡①❛♠♣❧❡✱ ✐♥❝r❡❛s❡ t❤❡ q✉❛❧✐t② ♦r t❛✐❧♦r ❛♥ ❡①✐st✐♥❣
♣r♦❞✉❝t ♠♦r❡ ❝❧♦s❡❧② t♦ t❤❡ t❛st❡s ♦❢ t❤❡ ✐♠♣♦rt❡r✳
❚✉r♥✐♥❣ t♦ t❤❡ ❡①t❡♥s✐✈❡ ♠❛r❣✐♥s ♦❢ ❡①♣♦rts ✇❡ ✜♥❞ ❛ r❡❧❛t✐✈❡❧② ❧✐♠✲
✐t❡❞ ✐♠♣❛❝t ♦❢ ✐♥♥♦✈❛t✐♦♥ ♦♥ ❡✐t❤❡r t❤❡ ♥✉♠❜❡r ♦❢ ❞❡st✐♥❛t✐♦♥s ♦r t❤❡ t♦t❛❧
♥✉♠❜❡r ♦❢ ♣r♦❞✉❝ts ❡①♣♦rt❡❞✳ ❲❡ ♦❜s❡r✈❡ ❛ s♠❛❧❧ ❞✐✛❡r❡♥❝❡ ✐♥ t❤❡ ♥✉♠✲
❜❡r ♦❢ ❝♦✉♥tr✐❡s t✇♦ ②❡❛rs ❛❢t❡r t❤❡ ✐♥✐t✐❛❧ ✐♥♥♦✈❛t✐♦♥ ❢♦r ❛❧❧ ❜✉t ♦♥❧② ❘✫❉
✐♥✈❡st♠❡♥t✳ ❋♦r ♣r♦❞✉❝t ❛♥❞ ♣r♦❝❡ss ✐♥♥♦✈❛t✐♦♥ ❛❧♦♥❡✱ t❤❡ ❣r♦✇t❤ r❛t❡ ✐s
✶✶✳✽ ♣♣ ❛♥❞ ✶✻✳✻ ♣♣ ❤✐❣❤❡r r❡s♣❡❝t✐✈❡❧②✳ ❚❤✐s tr❛♥s❧❛t❡s ✐♥t♦ ❛ ❞✐✛❡r❡♥❝❡ ✐♥
✷✷
t❤❡ ❛✈❡r❛❣❡ ♥✉♠❜❡r ♦❢ ❞❡st✐♥❛t✐♦♥s ♦❢ ❛r♦✉♥❞ ✷ t♦ ✸ ❝♦✉♥tr✐❡s✳✷✷ ■♥ t❡r♠s
♦❢ t❤❡ ♣r♦❞✉❝t ❡①t❡♥s✐✈❡ ♠❛r❣✐♥✱ ✇❡ ♦❜s❡r✈❡ ❛ ❧✐♠✐t❡❞ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥
t❤❡ ♥✉♠❜❡r ♦❢ ♣r♦❞✉❝ts t✇♦ ②❡❛rs ❛❢t❡r t❤❡ ✐♥✐t✐❛❧ tr❡❛t♠❡♥t ❢♦r t✇♦ ♦❢ ♦✉r
tr❡❛t♠❡♥ts✱ ❤♦✇❡✈❡r t❤✐s ❞✐✛❡r❡♥❝❡ ❞r♦♣s ♦✉t t❤❡ ❢♦❧❧♦✇✐♥❣ ②❡❛r✳ ❖✉r r❡✲
s✉❧ts s✉♣♣♦rt t❤❡ ✜♥❞✐♥❣s ♦❢ ❇r✐❝♦♥❣♥❡ ❡t ❛❧✳ ✭✷✵✶✶✮ ✇❤♦ s❤♦✇ t❤❛t ❡①♣♦rt
❣r♦✇t❤ ✐♥ ❋r❛♥❝❡ ♦✈❡r t❤✐s ♣❡r✐♦❞ ✇❛s ❞r✐✈❡♥ ♣r✐♠❛r✐❧② ❜② ❣r♦✇t❤ ✐♥ t❤❡
✐♥t❡♥s✐✈❡ ♠❛r❣✐♥✳
❬❚❛❜❧❡ ✹ ❛❜♦✉t ❤❡r❡❪
❚❤❡ q✉❡st✐♦♥ t❤❡♥ ❛r✐s❡s ❛s t♦ ✇❤❛t ❡①♣❧❛✐♥s t❤✐s r❡❧❛t✐✈❡ ❧❛❝❦ ♦❢ s✐❣✲
♥✐✜❝❛♥❝❡ ♦♥ t❤❡ ❡①t❡♥s✐✈❡ ♠❛r❣✐♥s ♦❢ tr❛❞❡✳ ❋r♦♠ ♣r❡✈✐♦✉s t❤❡♦r❡t✐❝❛❧
♣r❡❞✐❝t✐♦♥s✱ ✇❡ ✇♦✉❧❞ ❡①♣❡❝t ✐♥♥♦✈❛t✐♦♥s t♦ ♣♦s✐t✐✈❡❧② ❛✛❡❝t t❤❡ ❡①t❡♥s✐✈❡
♠❛r❣✐♥s✱ ❡①♣♦rt✐♥❣ ♥❡✇ ✐♥♥♦✈❛t✐✈❡ ♣r♦❞✉❝ts ❛♥❞ ♦♣❡♥✐♥❣ ♥❡✇ ❢♦r❡✐❣♥ ♠❛r✲
❦❡ts✳ ❚♦ ❛♥s✇❡r t❤✐s q✉❡st✐♦♥ ✇❡ ❡①❛♠✐♥❡ ❤♦✇ ✐♥♥♦✈❛t✐♦♥ ✐♠♣❛❝ts ♥❡t tr❛❞❡
❝r❡❛t✐♦♥ ❜② ❧♦♦❦✐♥❣ ❛t t❤❡ ✈❛❧✉❡ ♦❢ ♥❡✇ tr❛♥s❛❝t✐♦♥s ❛♥❞ t❤❡ ✈❛❧✉❡ ♦❢ t❡r♠✐✲
♥❛t❡❞ tr❛♥s❛❝t✐♦♥s ✐♥ ❡❛❝❤ ②❡❛r ❛❢t❡r t❤❡ ✐♥♥♦✈❛t✐♦♥ t❛❦❡s ♣❧❛❝❡ r❡❧❛t✐✈❡ t♦
t❤❡ ❝♦♥tr♦❧ ❣r♦✉♣✳✷✸ ❚❛❜❧❡ ✺ ♣r❡s❡♥ts t❤❡s❡ r❡s✉❧ts✳ ❲❡ ✜rst ❝♦♥s✐❞❡r ♥❡✇
tr❛♥s❛❝t✐♦♥s✳ ❖✉r r❡s✉❧ts s❤♦✇ ❛ ❣❡♥❡r❛❧❧② ♣♦s✐t✐✈❡ ❛♥❞ s✐❣♥✐✜❝❛♥t ✐♠♣❛❝t ♦❢
❡❛❝❤ ♦❢ ♦✉r tr❡❛t♠❡♥ts ♦♥ t❤❡ ❝r❡❛t✐♦♥ ♦❢ ♥❡✇ ♣r♦❞✉❝t✲❝♦✉♥tr② tr❛♥s❛❝t✐♦♥s✳
❚❤❡ ✜♥❞✐♥❣ ♦❢ s✉❝❤ ❛ s✐❣♥✐✜❝❛♥t ✐♠♣❛❝t ♦❢ ✐♥♥♦✈❛t✐♦♥ ♦♥ ♥❡✇ ❝♦✉♥tr②✲
♣❛✐r tr❛♥s❛❝t✐♦♥s ❜❡❣s t❤❡ q✉❡st✐♦♥ ✇❤② ✇❡ ❞♦ ♥♦t s❡❡ ❛ ❞✐✛❡r❡♥❝❡ ✐♥ t❤❡
✷✷❚❤❡ ❛✈❡r❛❣❡ ♥✉♠❜❡r ♦❢ ❞❡st✐♥❛t✐♦♥s✱ ❛t t✐♠❡ t − 1 ✐s ✷✸✳✺ ❢♦r ✜r♠s ✐♥ t❤❡ ♣r♦❞✉❝t
✐♥♥♦✈❛t✐♦♥ tr❡❛t♠❡♥t ❣r♦✉♣✱ ✶✾✳✷✽ ❢♦r ✜r♠s ✐♥ t❤❡ ♣r♦❝❡ss ✐♥♥♦✈❛t✐♦♥ tr❡❛t♠❡♥t ❣r♦✉♣✱
❛♥❞ ✶✵✳✺✽ ❢♦r ✜r♠s ✐♥ t❤❡ ❝♦♥tr♦❧ ❣r♦✉♣✳ ❋✐r♠s ✐♥ t❤❡ ♣r♦❞✉❝t ✐♥♥♦✈❛t✐♦♥ tr❡❛t♠❡♥t
❡①♣❡r✐❡♥❝❡ ❛♥ ✽✳✻✪ ❣r♦✇t❤ r❛t❡ ♦❢ t❤❡ ♥✉♠❜❡r ♦❢ ❞❡st✐♥❛t✐♦♥s ✇❤✐❧❡ t❤❡ ♠❛t❝❤❡❞ ❝♦♥tr♦❧s
❡①♣❡r✐❡♥❝❡ ❛ ♥❡❣❛t✐✈❡ ❣r♦✇t❤ ♦❢ ✸✪✳ ❋♦r t❤❡ ♣r♦❝❡ss ✐♥♥♦✈❛t✐♦♥ tr❡❛t♠❡♥t✱ t❤❡ ❣r♦✇t❤
r❛t❡ ❢♦r t❤❡ tr❡❛t❡❞ ✐s ✶✷✳✶✪ ✇❤✐❧❡ t❤❡ ♠❛t❝❤❡❞ ❝♦♥tr♦❧s ❡①♣❡r✐❡♥❝❡ ❛ ❞❡❝❧✐♥❡ ✐♥ t❤❡
♥✉♠❜❡r ♦❢ ❞❡st✐♥❛t✐♦♥s ♦❢ ✹✳✹✪✳
✷✸❚❤❡ ✈❛❧✉❡ ♦❢ ♥❡✇ ❛♥❞ t❡r♠✐♥❛t❡❞ tr❛♥s❛❝t✐♦♥s ✐s ③❡r♦ ❜② ❞❡✜♥✐t✐♦♥ ✐♥ ②❡❛r t − 1✳
❚❤❡ ❛♥❛❧②s✐s ♦❢ ♥❡✇ ❛♥❞ t❡r♠✐♥❛t❡❞ tr❛♥s❛❝t✐♦♥s ✐s t❤❡r❡❢♦r❡ ✐♥ ❧❡✈❡❧s ❛♥❞ ♥♦t ❛ ❉✐❉✳
✷✸
❡①t❡♥s✐✈❡ ♠❛r❣✐♥s ♦❢ tr❛❞❡ ✐♥ ❚❛❜❧❡ ✹ ❛s ❡❛❝❤ ♥❡✇ tr❛♥s❛❝t✐♦♥ ❝♦✉❧❞ ♣♦✲
t❡♥t✐❛❧❧② ❛♣♣❡❛r ✐♥ ❛t ❧❡❛st ♦♥❡ ♦r ❜♦t❤ ♦❢ t❤❡ ❡①t❡♥s✐✈❡ ♠❛r❣✐♥ ❝❛t❡❣♦r✐❡s
✭❜✉t ♥♦t ♥❡❝❡ss❛r✐❧② ✐❢✱ ❢♦r ❡①❛♠♣❧❡✱ ✐t ✇❛s ❛♥ ❡①✐st✐♥❣ ♣r♦❞✉❝t ❡①♣♦rt❡❞ t♦
❝♦✉♥tr② ✶ t❤❛t ✇❛s t❤❡♥ ❡①♣♦rt❡❞ t♦ ❛♥ ❡①✐st✐♥❣ ❞❡st✐♥❛t✐♦♥ ❝♦✉♥tr② ✷ t❤❛t
❛❧r❡❛❞② ✐♠♣♦rt❡❞ ♣r♦❞✉❝t ✷✮✳ ❚❤❡ ❛♥s✇❡r ✐s ❢♦✉♥❞ ✇❤❡♥ ✇❡ ❡①❛♠✐♥❡ t❤❡
t❡r♠✐♥❛t❡❞ tr❛♥s❛❝t✐♦♥ r❡s✉❧ts ✐♥ ❈♦❧✉♠♥ ✭✷✮✳ ❈♦♠♣❛r❡❞ t♦ t❤❡ ♠❛t❝❤❡❞
❝♦♥tr♦❧s✱ ✜r♠s ✐♥ ❛❧❧ ♦✉r tr❡❛t♠❡♥t ❣r♦✉♣s t❡r♠✐♥❛t❡ ❛ ❣r❡❛t❡r ✈❛❧✉❡ ♦❢
tr❛♥s❛❝t✐♦♥s ❛♥❞ t❤✐s r❡s✉❧t ♣❡rs✐sts ♦✈❡r t❤❡ ✸ ②❡❛rs ♣❡r✐♦❞ ❛❢t❡r tr❡❛t♠❡♥t✳
❚❤❡s❡ r❡s✉❧ts tr❛♥s❧❛t❡ ✐♥t♦ ❛♥ ✐♥✐t✐❛❧ ♥❡t tr❛❞❡ ❝r❡❛t✐♦♥ ✭❈♦❧✉♠♥ ✸✮ t❤❛t
✐s s❧♦✇❡r ❢♦r tr❡❛t❡❞ ✜r♠s ❝♦♠♣❛r❡❞ t♦ t❤❡ ❝♦♥tr♦❧s✳ ❍♦✇❡✈❡r✱ t❤❡ s❧♦✇❡r
♣❛❝❡ ♦❢ ♥❡t tr❛❞❡ ✐s ♥♦t st❛t✐st✐❝❛❧❧② s✐❣♥✐✜❝❛♥t✳ ❚✇♦ ②❡❛rs ❛❢t❡r tr❡❛t♠❡♥t✱
✐♥ t+2 ❛♥❞ t+3 ✇❡ ♦❜s❡r✈❡ ❛ ❣r❡❛t❡r tr❛❞❡ ❝r❡❛t✐♦♥✱ r❡❧❛t✐✈❡ t♦ t❤❡ ❝♦♥tr♦❧
❣r♦✉♣✱ ❢♦r ❛❧❧ ❢♦✉r tr❡❛t♠❡♥ts✳ ❚❤❡ r❡s✉❧ts ❛r❡ ❝♦♥s✐st❡♥t ✇✐t❤ t❤❡ ♣r❡✈✐♦✉s
♣r❡❞✐❝t✐♦♥s ❛❜♦✉t ✜r♠s st❛rt✐♥❣ ♥❡✇ tr❛❞❡ r❡❧❛t✐♦♥s❤✐♣s ✇✐t❤ s♠❛❧❧❡r ✈♦❧✲
✉♠❡s ❛♥❞ ✐♥❝r❡❛s✐♥❣ t❤❡♠ ♦✈❡r t✐♠❡ ❛s t❤❡ ♥❡✇ r❡❧❛t✐♦♥s❤✐♣s ❣❛✐♥ tr❛❝t✐♦♥
✭❆❧❜♦r♥♦③ ❡t ❛❧✳ ✷✵✶✷✮✳
❙✐♠✐❧❛r❧②✱ ✐❢ ❛ ♥❡✇ ♣r♦❞✉❝t ✐s ♣❛rt✐❝✉❧❛r❧② ❞✐sr✉♣t✐✈❡ ✐t ❝❛♥ ❧❡❛❞ t♦ ✐♥✐✲
t✐❛❧❧② ❧❛r❣❡ ❞❡❝❧✐♥❡s ✐♥ ❡①♣♦rts t♦ ❡①✐st✐♥❣ ❝✉st♦♠❡rs✳ ❖✉r ✜♥❞✐♥❣s ❛❧s♦
❡①♣❧❛✐♥ ✇❤② t❤❡r❡ ✐s ♥♦ s✐❣♥✐✜❝❛♥t ✐♥❝r❡❛s❡ ✐♥ t♦t❛❧ ❡①♣♦rts ✐♥ t❤❡ ②❡❛r ♦❢
t❤❡ ✐♥♥♦✈❛t✐♦♥ ❢♦r ♣r♦❞✉❝t ❛♥❞ ♣r♦❝❡ss ✐♥♥♦✈❛t✐♦♥ ❛❧♦♥❡ ✭✐♥ ❚❛❜❧❡ ✸✮✳ ❚❤❡
✐♥❝r❡❛s❡ ✐♥ t❤❡ ✐♥t❡♥s✐✈❡ ♠❛r❣✐♥ t❤❛t ✇❡ s❡❡ ✐♥ ❚❛❜❧❡ ✹ ✐s ♦✛s❡t ❜② t❤❡ t❡r✲
♠✐♥❛t✐♦♥ ♦❢ ❛ ❧❛r❣❡r ♥✉♠❜❡r ♦❢ ❡①✐st✐♥❣ tr❛♥s❛❝t✐♦♥s✳
❖✉r r❡s✉❧ts s✉❣❣❡st t❤❛t t❤❡ ❧❛❝❦ ♦❢ ❡✈✐❞❡♥❝❡ ♦❢ ❛ s✐❣♥✐✜❝❛♥t ✐♠♣❛❝t ♦♥
t❤❡ ❡①t❡♥s✐✈❡ ♠❛r❣✐♥ ♦❢ tr❛❞❡ ✐s ♥♦t ❛ r❡s✉❧t ♦❢ ✐♥❛❝t✐✈✐t② ♦♥ ❜❡❤❛❧❢ ♦❢ ♥❡✇
✐♥♥♦✈❛t♦rs✱ ❜✉t ❤❛s ♠♦r❡ t♦ ❞♦ ✇✐t❤ t❤❡ ❤✐❣❤ ❝❤✉r♥ r❛t❡ ♦❢ ❜♦t❤ ♣r♦❞✉❝ts
❛♥❞ ❞❡st✐♥❛t✐♦♥s✱ ❛s ✜r♠s t❡r♠✐♥❛t❡ s♦♠❡ ♣r♦❞✉❝t✲❝♦✉♥tr② tr❛♥s❛❝t✐♦♥s ❛♥❞
✷✹
st❛rt ♦t❤❡r ♥❡✇ ♦♥❡s ✇❤✐❝❤ ❤❛s t❤❡ ❡✛❡❝t ♦❢ ❜r♦❛❞❧② ❝❛♥❝❡❧❧✐♥❣ ❡❛❝❤ ♦t❤❡r
♦✉t ❛t ❧❡❛st ✐♥ t❤❡ ✜rst t✇♦ ②❡❛r ❢♦❧❧♦✇✐♥❣ t❤❡ ✐♥♥♦✈❛t✐♦♥ ❛❝t✐✈✐t②✳✷✹
❬❚❛❜❧❡ ✺ ❛❜♦✉t ❤❡r❡❪
❚♦ ✐❧❧✉str❛t❡ ❤♦✇ ❡❛❝❤ ♦❢ t❤❡ ❞✐✛❡r❡♥t ♠❛r❣✐♥s ✜t t♦❣❡t❤❡r✱ ❋✐❣✉r❡ ✶
♣r❡s❡♥ts t❤❡ r❡s✉❧ts ❢♦r ❘✫❉ ❡①♣❡♥❞✐t✉r❡ ✭t❤❡ ✜rst tr❡❛t♠❡♥t✮ ❛♥❞ s❤♦✇s
❤♦✇ t❤❡ tr❡❛t❡❞ ❣r♦✉♣ ❞✐✈❡r❣❡ ❢r♦♠ t❤❡ ❝♦♥tr♦❧ ❣r♦✉♣ ♦✈❡r t✐♠❡ r❡❧❛t✐✈❡ t♦
t✲✶✳
❬❋✐❣✉r❡ ✶ ❛❜♦✉t ❤❡r❡❪
❋✐❣✉r❡ ✶ s❤♦✇s t❤❛t ❢♦r ✜r♠s ✉♥❞❡rt❛❦✐♥❣ ❘✫❉ ✐♥✈❡st♠❡♥t t❤❡ ♣♦s✐✲
t✐✈❡ ❛♥❞ s✐❣♥✐✜❝❛♥t ❝♦❡✣❝✐❡♥t ❢♦r t❤❡ ✐♥t❡♥s✐✈❡ ♠❛r❣✐♥ ✐s ❞r✐✈❡♥ ❜② ❡①♣♦rts
❢❛❧❧✐♥❣ ❧❡ss s❧♦✇❧② t❤❛t ❢♦r t❤♦s❡ ✜r♠s t❤❛t ❞♦ ♥♦t ✐♥♥♦✈❛t❡✳ ❋♦r t❤❡ ❡①t❡♥✲
s✐✈❡ ♠❛r❣✐♥✱ ✜r♠s t❤❛t ✐♥♥♦✈❛t❡ ❛r❡ ❛❜❧❡ t♦ ♠❛✐♥t❛✐♥ ♦r s❧✐❣❤t❧② ✐♥❝r❡❛s❡ t❤❡
♥✉♠❜❡r ♦❢ ❝♦✉♥tr✐❡s ❛♥❞ ♣r♦❞✉❝ts ✇❤✐❧❡ ♥♦♥✲✐♥♥♦✈❛t♦rs s❡❡ ❛ ❢❛❧❧ ✐♥ ❜♦t❤
❡①t❡♥s✐✈❡ ♠❛r❣✐♥s✳ ▲♦♦❦✐♥❣ ❛t ♥❡✇ ❛♥❞ t❡r♠✐♥❛t❡❞ tr❛♥s❛❝t✐♦♥s ♣r♦✈✐❞❡s
❢✉rt❤❡r ❡①♣❧❛♥❛t✐♦♥s✳ ■♥ ❜♦t❤ ❝❛s❡s ♥❡✇ ❛♥❞ t❡r♠✐♥❛t❡❞ tr❛♥s❛❝t✐♦♥s ❢♦r
✐♥♥♦✈❛t♦rs ❛r❡ ❣r❡❛t❡r t❤❛♥ ❢♦r ♥♦♥✲✐♥♥♦✈❛t♦rs ❜✉t t❤❡ ❣❛♣ ❜❡❣✐♥s t♦ ✇✐❞❡♥
❢♦r ♥❡✇ tr❛♥s❛❝t✐♦♥s ♦✈❡r t✐♠❡✳ ❚❤✐s ✐s r❡✢❡❝t❡❞ ✐♥ t❤❡ ✜❣✉r❡ ❢♦r ♥❡t tr❛❞❡
✇❤✐❝❤ s❤♦✇s ❤♦✇ ♦✈❡r❛❧❧ t❤❡ ♥❡t tr❛❞❡ ❢♦r ✐♥♥♦✈❛t♦rs r❡♠❛✐♥s r❡❧❛t✐✈❡❧② ✢❛t
✇❤✐❧❡ ♥♦♥✲✐♥♥♦✈❛t♦rs s❡❡ t❡r♠✐♥❛t❡❞ tr❛♥s❛❝t✐♦♥s ❡①❝❡❡❞✐♥❣ t❤❡ ♥❡✇ ♦♥❡s
✐♥ t❤❡ ❢♦❧❧♦✇✐♥❣ ②❡❛rs ✇✐t❤ ❛ ♥❡❣❛t✐✈❡ ♥❡t ✐♠♣❛❝t ♦♥ t♦t❛❧ ❡①♣♦rts✳ ❚❤❡s❡
str✐❦✐♥❣ r❡s✉❧ts s✉❣❣❡st t❤❛t ✜r♠s ♥❡❡❞ t♦ ✐♥♥♦✈❛t❡ ✐♥ ♦r❞❡r t♦ ♠❛✐♥t❛✐♥
t❤❡✐r ❝✉rr❡♥t ♣♦s✐t✐♦♥ ✐♥ t❤❡ ❝♦♠♣❡t✐t✐✈❡ ❣❧♦❜❛❧ ♠❛r❦❡t✱ ♦t❤❡r✇✐s❡ ✜r♠s
✷✹❘❡❝❛❧❧ t❤❛t t❤❡ ♥❡✇ ❛♥❞ t❡r♠✐♥❛t❡❞ tr❛♥s❛❝t✐♦♥s ❛r❡ ✐♥ ❧❡✈❡❧s ❛♥❞ t❤❛t ♥❡t tr❛❞❡
❝r❡❛t✐♦♥ ✐s t❤❡ ❧♦❣ ♦❢ t❤❡ ❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ ♥❡✇ ❛♥❞ t❡r♠✐♥❛t❡❞ tr❛♥s❛❝t✐♦♥s ❤❡♥❝❡ t❤❡
❝♦❡✣❝✐❡♥ts ❜❡t✇❡❡♥ ❚❛❜❧❡ ✸ ❛♥❞ ✹ ❝❛♥♥♦t ❜❡ ❞✐r❡❝t❧② ❝♦♠♣❛r❡❞ t♦ t❤♦s❡ ♦❢ ❚❛❜❧❡ ✺✳
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♠✐❣❤t ❡①♣❡❝t t♦ s❡❡ ❛ ❞r♦♣ ✐♥ t❤❡✐r ❡①♣♦rts ✇✐t❤♦✉t r❡❝♦✉rs❡ t♦ s♦♠❡ ❡❧✲
❡♠❡♥t ♦❢ ♣r♦❞✉❝t ❞❡✈❡❧♦♣♠❡♥t ♦r ✐♥♥♦✈❛t✐♦♥ ❛❝t✐✈✐t② ❛s ❛ ❝♦♥s❡q✉❡♥❝❡ ♦❢
t❤❡ t♦✉❣❤❡r ❢♦r❡✐❣♥ ❝♦♠♣❡t✐t✐♦♥ ❢r♦♠ ❞❡✈❡❧♦♣❡❞ ❛♥❞ ❞❡✈❡❧♦♣✐♥❣ ❝♦✉♥tr✐❡s✳
❚♦ s✉♠♠❛r✐s❡✱ ✐♥♥♦✈❛t✐♦♥ ❤❡❧♣s ❋r❡♥❝❤ ❡①♣♦rt❡rs ✐♥ ♠❛✐♥t❛✐♥✐♥❣ t❤❡✐r ❝♦♠✲
♣❛r❛t✐✈❡ ❛❞✈❛♥t❛❣❡ ✈✐s✲❛✲✈✐s ❢♦r❡✐❣♥ ❝♦♠♣❡t✐t♦rs ❜② ❝♦♥t✐♥✉♦✉s❧② r❡♣❧❛❝✐♥❣
♦❜s♦❧❡t❡ ♣r♦❞✉❝ts ✇✐t❤ ♥❡✇ ✐♥♥♦✈❛t✐✈❡ ♦♥❡s ❛♥❞ ❜② ❛❝❝❡ss✐♥❣ ♥❡✇ ❢♦r❡✐❣♥
♠❛r❦❡ts ✇✐t❤ t❛✐❧♦r❡❞✲♠❛❞❡ ❣♦♦❞s✳✷✺
✺ ❘♦❜✉st♥❡ss ❝❤❡❝❦s
❆s ♣r❡✈✐♦✉s❧② ❞✐s❝✉ss❡❞ ✐♥ t❤❡ ♠❡t❤♦❞♦❧♦❣✐❝❛❧ s❡❝t✐♦♥✱ ✇❡ ♣❡r❢♦r♠ ❛ s❡r✐❡s
♦❢ r♦❜✉st♥❡ss ❝❤❡❝❦s ✐♥ ♦r❞❡r t♦ ✈❡r✐❢② t❤❡ ✈❛❧✐❞✐t② ♦❢ ♦✉r ✜♥❞✐♥❣s✳ ■♥ ♣❛r✲
t✐❝✉❧❛r✱ ✇❡ r❡♣❧✐❝❛t❡ ♦✉r r❡s✉❧ts ❢r♦♠ ❚❛❜❧❡ ✸ ❛♣♣❧②✐♥❣ ❛ ❑❡r♥❡❧ ♠❛t❝❤✐♥❣
❛❧❣♦r✐t❤♠ ✇✐t❤ ❛ ❜❛♥❞✇✐❞t❤ ♦❢ ✵✳✵✸ ✭✐♥ ✉♥r❡♣♦rt❡❞ r❡s✉❧ts ✇❡ ❛❧s♦ ❛♣♣❧✐❡❞ ❛
❦❡r♥❡❧ ♠❛t❝❤✐♥❣ ❛❧❣♦r✐t❤♠ ✇✐t❤ ❛ ❜❛♥❞✇✐❞t❤ ♦❢ ✵✳✵✶✮ ❛♥❞ ♥❡❛r❡st✲♥❡✐❣❤❜♦r
♠❛t❝❤✐♥❣ ✇✐t❤ ✺ ♠❛t❝❤❡s✳ ❚❤❡ r❡s✉❧ts ✐♥ ❈♦❧✉♠♥s ✭✶✮ ❛♥❞ ✭✷✮ ♦❢ ❚❛❜❧❡
✻ s❤♦✇ t❤❛t t❤❡ ❞✐✛❡r❡♥t ♠❛t❝❤✐♥❣ ♣r♦❝❡❞✉r❡s ❛r❡ ❜r♦❛❞❧② ❝♦♥s✐st❡♥t ✐♥
t❡r♠s ♦❢ s✐❣♥✐✜❝❛♥❝❡ ❛♥❞ ♠❛❣♥✐t✉❞❡ ♦❢ t❤❡ ❝♦❡✣❝✐❡♥ts✳ ❊q✉✐✈❛❧❡♥t r❡s✉❧ts
❢♦r ❚❛❜❧❡s ✹ ❛♥❞ ✺ ❛r❡ ❛✈❛✐❧❛❜❧❡ ✉♣♦♥ r❡q✉❡st ❜✉t s❤♦✇ ♥♦ q✉❛❧✐t❛t✐✈❡ ♦r
q✉❛♥t✐t❛t✐✈❡ ❞✐✛❡r❡♥❝❡s✳
❬❚❛❜❧❡ ✻ ❛❜♦✉t ❤❡r❡❪
❖✉r ♥❡①t r♦❜✉st♥❡ss ❝❤❡❝❦ ✐s t♦ r❡✲❡st✐♠❛t❡ ♦✉r r❡s✉❧ts ✉s✐♥❣ ❛ s❛♠♣❧❡
♦❢ ✜r♠s t❤❛t ❝♦♥t✐♥✉♦✉s❧② ❡①♣♦rt ❜❡t✇❡❡♥ t− 1 ❛♥❞ t+3 ✭❈♦❧✉♠♥ ✸ ♦❢ ❚❛✲
❜❧❡ ✻✮✳ ❚❤❡ r❡s✉❧ts ❛r❡ ✈❡r② s✐♠✐❧❛r ✐♥ t❡r♠s ♦❢ s✐❣♥✐✜❝❛♥❝❡ ❛♥❞ ♠❛❣♥✐t✉❞❡s✳
✷✺❆ s✐♠✐❧❛r st♦r② ✐s t♦❧❞ ❢♦r t❤❡ ♦t❤❡r t❤r❡❡ tr❡❛t♠❡♥ts ❜✉t t❤❡ ✜❣✉r❡s ❛r❡ ♥♦t ♣r❡s❡♥t❡❞
❢♦r r❡❛s♦♥s ♦❢ s♣❛❝❡✳
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❋✐♥❛❧❧②✱ ✇❡ ❤❛✈❡ t❡st❡❞ t❤❡ ❣♦♦❞♥❡ss ♦❢ t❤❡ P❙▼✲❉✐❉ ♠❡t❤♦❞♦❧♦❣② ❜②
r❡✲❡st✐♠❛t✐♥❣ t❤❡ ❆❚❚s ♦♥ t❤❡ ❜❛s✐s ♦❢ ♣❧❛❝❡❜♦ tr❡❛t♠❡♥ts✳ ▼♦r❡ s♣❡❝✐❢✲
✐❝❛❧❧②✱ ✇❡ ❞r❡✇ ❢r♦♠ t❤❡ s❛♠♣❧❡ ♦❢ ♥♦♥✲tr❡❛t❡❞ ❛ r❛♥❞♦♠ s❛♠♣❧❡ ♦❢ ✜r♠s
❢♦r ❡❛❝❤ ♦❢ ♦✉r ❢♦✉r tr❡❛t♠❡♥ts ✭✇❡ ❤❛✈❡ s❡❧❡❝t❡❞ ❛ ♣r♦♣♦rt✐♦♥ ♦❢ ✜r♠s ✐♥
❡❛❝❤ tr❡❛t♠❡♥t s❛♠♣❧❡ t❤❛t r❡✢❡❝ts t❤❡ ❞✐str✐❜✉t✐♦♥ ♦❢ tr❡❛t❡❞ ✐♥ ♦✉r ❞❛t❛✮
❛♥❞ ❝♦♠♣❛r❡❞ t❤❡✐r ❡①♣♦rt ♣❡r❢♦r♠❛♥❝❡ t♦ ♠❛t❝❤❡❞ ❝♦♥tr♦❧s ✜r♠s ✭❊❧❧✐♦tt
❡t ❛❧✳ ✷✵✶✻✮✳ ❲❡ ❤❛✈❡ s✐♠✉❧❛t❡❞ t❤✐s ♣r♦❝❡ss ✺✵✵ t✐♠❡s ❢♦r ❡❛❝❤ ♦❢ t❤❡ ❆❚❚s✳
❖✉t ♦❢ t❤❡ ✶✶✷ ❆❚❚s ✇❡ ❡st✐♠❛t❡✱ ♦♥❧② ✷ ♦❢ t❤❡ ❡✛❡❝ts t❤❛t ✇❡ ♦❜s❡r✈❡ ✭t❤❡
✐♠♣❛❝t ♦❢ ♣r♦❞✉❝t ❛♥❞ ♣r♦❝❡ss ✐♥♥♦✈❛t✐♦♥ ♦♥ t❤❡ ■♥t❡♥s✐✈❡ ▼❛r❣✐♥ ✐♥ t✐♠❡
t + 2 ❛♥❞ t❤❡ ✐♠♣❛❝t ♦❢ ✐♥✈❡st✐♥❣ ✐♥ ❘✫❉ ♦♥ ❚♦t❛❧ ❊①♣♦rts ✐♥ t✰✷✮ ❛♣✲
♣❡❛rs t♦ ❜❡ s✐❣♥✐✜❝❛♥t ✇❤❡♥ ✇❡ ❛♣♣❧② ❛ ♣❧❛❝❡❜♦ tr❡❛t♠❡♥t✱ ✈❛❧✐❞❛t✐♥❣ ♦✉r
♠❛✐♥ r❡s✉❧ts ❛♥❞ t❤❡ ❡✣❝✐❡♥❝② ♦❢ t❤❡ P❙▼✲❉✐❉ ♠❡t❤♦❞♦❧♦❣② ✐♥ ✐❞❡♥t✐❢②✲
✐♥❣ t❤❡ ❣❡♥✉✐♥❡ ❝❛✉s❛❧ ❡✛❡❝t ♦❢ ✐♥♥♦✈❛t✐♦♥ ♦♥ t❤❡ ❞✐✛❡r❡♥t ♠❛r❣✐♥s ♦❢ tr❛❞❡✳
✻ ❈♦♥❝❧✉s✐♦♥s
■♥ t❤✐s ♣❛♣❡r ✇❡ ❡①♣❧♦✐t ❢♦✉r ✉♥✐q✉❡ ❞❛t❛s❡ts t♦ ✐♥✈❡st✐❣❛t❡ t❤❡ ✐♠♣❛❝t ♦❢ t❤❡
✐♥♥♦✈❛t✐♥❣ ❛❝t✐✈✐t✐❡s ♦❢ ❋r❡♥❝❤ ✜r♠s ♦♥ t❤❡✐r tr❛❞❡ ♠❛r❣✐♥s ❢♦r t❤❡ ♣❡r✐♦❞
✶✾✾✾✲✷✵✵✼✳ ❖✉r ♠❛✐♥ ❝♦♥tr✐❜✉t✐♦♥ ✐s t♦ ❞❡❝♦♠♣♦s❡ t❤❡ ❡✛❡❝t ♦❢ ✐♥♥♦✈❛t✐♦♥
✐♥t♦ t❤❡ ❡①t❡♥s✐✈❡ ❛♥❞ ✐♥t❡♥s✐✈❡ ♠❛r❣✐♥s ♦❢ tr❛❞❡ ❛♥❞ t❤❡♥ ❞✐s❛❣❣r❡❣❛t❡
❢✉rt❤❡r t♦ ❡①❛♠✐♥❡ t❤❡ r♦❧❡ ♦❢ ✐♥♥♦✈❛t✐♦♥ ✐♥ ❝r❡❛t✐♥❣ ♥❡✇ tr❛♥s❛❝t✐♦♥s ❛♥❞
t❡r♠✐♥❛t✐♥❣ ♦t❤❡rs✳ ❖✉r ❡♠♣✐r✐❝❛❧ ❛♣♣r♦❛❝❤ ❛❧❧♦✇s ✉s t♦ ❡①♣❧❛✐♥ t❤❡ ❛❜✲
s❡♥❝❡ ♦❢ ❛ str♦♥❣ ❡✛❡❝t ♦❢ ✐♥♥♦✈❛t✐♦♥ ♦♥ t❤❡ ❡①t❡♥s✐✈❡ ♠❛r❣✐♥s ♦❢ ❡①♣♦rts✳
❋♦r t❤❡ ✜rst t✐♠❡✱ ✇❡ ❡st❛❜❧✐s❤ ❛t t❤❡ ✜r♠ ❧❡✈❡❧ t❤❡ ✐♠♣❛❝t ♦❢ ✐♥♥♦✈❛t✐♦♥
❛❝t✐✈✐t✐❡s ♦♥ ❡①♣♦rt❡rs✬ ♣❡r❢♦r♠❛♥❝❡ ❛♥❞ ❤♦✇ t❤✐s ❝♦♥s✐sts ♦♥ t❤❡ ♦♥❡ ❤❛♥❞
✐♥ ❛♥ ❡♥r✐❝❤❡❞ ♣r♦❞✉❝t r❛♥❣❡ ❛♥❞ t❤❡ ♦♣❡♥✐♥❣ ♦❢ ♥❡✇ ❡①♣♦rt ♠❛r❦❡ts✱ ❛♥❞
♦♥ t❤❡ ♦t❤❡r ❤❛♥❞ ✐♥ ❛♥ ✐♥❝r❡❛s❡ ✐♥ t❤❡ ✈❛❧✉❡ ♦❢ ❡①♣♦rts ♦❢ ❡①✐st✐♥❣ ♣r♦❞✉❝ts
t♦ ❝✉rr❡♥t ❝✉st♦♠❡rs✳ ❲❡ ❛ss❡ss t❤❡ ❡✛❡❝t ♦❢ ❞✐✛❡r❡♥t ❢♦r♠s ♦❢ ✐♥♥♦✈❛t✐♦♥
✷✼
♦♥ ❡①♣♦rt ♣❡r❢♦r♠❛♥❝❡✱ ❜② s✐♠✉❧t❛♥❡♦✉s❧② t❛❦✐♥❣ ✐♥t♦ ❛❝❝♦✉♥t ❜♦t❤ ✐♥♥♦✈❛✲
t✐♦♥ ✐♥♣✉t ❛♥❞ ♦✉t♣✉t ♠❡❛s✉r❡s ❛♥❞ t❤❡ s✐♠✉❧t❛♥❡♦✉s ✐♥tr♦❞✉❝t✐♦♥ ♦❢ ❜♦t❤
♣r♦❞✉❝t ❛♥❞ ♣r♦❝❡ss ✐♥♥♦✈❛t✐♦♥s✳
❖✉r r❡s✉❧ts s❤♦✇ ❛ ♣♦s✐t✐✈❡ ❛♥❞ s✐❣♥✐✜❝❛♥t ❡✛❡❝t ♦❢ ❘✫❉ ❡①♣❡♥❞✐t✉r❡
♦♥ t♦t❛❧ ❡①♣♦rts t❤❛t ✐s r♦❜✉st ❛♥❞ ❝♦♥s✐st❡♥t ❛❝r♦ss ❞✐✛❡r❡♥t ❡st✐♠❛t✐♦♥s✳
■♥ t❡r♠s ♦❢ ❞②♥❛♠✐❝s✱ ✇❡ ✜♥❞ t❤❛t ✜r♠s ✐♠♣❧❡♠❡♥t✐♥❣ ❜♦t❤ ♣r♦❞✉❝t ❛♥❞
♣r♦❝❡ss ✐♥♥♦✈❛t✐♦♥s ❛t t❤❡ s❛♠❡ t✐♠❡ s❡❡ ❛♥ ✐♠♠❡❞✐❛t❡ ✉♣❧✐❢t ✐♥ ❡①♣♦rts
r❡❧❛t✐✈❡ t♦ t❤❡ ❝♦♥tr♦❧ ❣r♦✉♣✱ ✇✐t❤ ❛ ❣r♦✇t❤ r❛t❡ ♦❢ ❡①♣♦rts ✶✾✳✾ ♣♣ ❤✐❣❤❡r
✐♥ ②❡❛r t ✐♥❝r❡❛s✐♥❣ t♦ ❛ ❞✐✛❡r❡♥t✐❛❧ ♦❢ ✼✹✳✸ ♣♣ ❛❢t❡r t❤r❡❡ ②❡❛rs✳ ❚✇♦ ②❡❛rs
❛❢t❡r t❤❡ ✐♥✐t✐❛❧ ✐♥♥♦✈❛t✐♦♥ ❛❧❧ ♦❢ ♦✉r tr❡❛t♠❡♥ts s❤♦✇ ❛ s✐❣♥✐✜❝❛♥t❧② ❤✐❣❤❡r
r❛t❡ ♦❢ ❣r♦✇t❤ ✐♥ t♦t❛❧ ❡①♣♦rts ✇✐t❤ ❛ ❞✐✛❡r❡♥t✐❛❧ t❤❛t r❛♥❣❡s ❜❡t✇❡❡♥ ✹✾✳✼
♣♣ ❢♦r ♣r♦❝❡ss ✐♥♥♦✈❛t✐♦♥ ♦♥❧② t♦ ✾✽✳✷ ♣♣ ❢♦r ❘✫❉ ❡①♣❡♥❞✐t✉r❡✳
❚❤❡ ❡①✐st❡♥❝❡ ♦❢ ❛ ❧❛❣❣❡❞ ❡✛❡❝t ♦❢ ✐♥♥♦✈❛t✐♦♥ ♦♥ ❡①♣♦rts ❤❛s ♣r❡✈✐♦✉s❧②
❜❡❡♥ ❛ss✉♠❡❞ t♦ ❜❡ ❛ r❡s✉❧t ♦❢ t❤❡ t✐♠❡ t❤❛t ✐t t❛❦❡s ❢♦r ❛ ♥❡✇ ✐♥♥♦✈❛t✐♦♥
t♦ ❜❡ ❝♦♠♠❡r❝✐❛❧❧② ❡①♣❧♦✐t❡❞ ❛♥❞ ❡①♣♦rt❡❞ t♦ ♥❡✇ ♠❛r❦❡ts✳ ❲❤❛t ✇❡ s❤♦✇
✐♥ t❤✐s ♣❛♣❡r ✐s t❤❛t t♦t❛❧ ❡①♣♦rts ❛r❡ ❞r✐✈❡♥ ♣r✐♠❛r✐❧② ❜② ❞✐✛❡r❡♥❝❡s ✐♥ t❤❡
✐♥t❡♥s✐✈❡ ♠❛r❣✐♥ ✇✐t❤ ♦♥❧② ❛ s♠❛❧❧ ❞✐✛❡r❡♥❝❡ ✐♥ t❤❡ ♥✉♠❜❡r ♦❢ ❝♦✉♥tr✐❡s
s❡r✈❡❞✳ ❚❤❡ ❡①♣❧❛♥❛t✐♦♥ ✐s t❤❛t ✇❤✐❧❡ ✜r♠s t❡♥❞ t♦ ♠❛✐♥t❛✐♥ ❛♥❞ ❞❡❡♣❡♥
t❤❡✐r ♠♦st ✐♠♣♦rt❛♥t tr❛❞✐♥❣ r❡❧❛t✐♦♥s❤✐♣s✱ ✐♥♥♦✈❛t✐♦♥ ❛❧s♦ r❡s✉❧ts ✐♥ ❝♦♥✲
s✐❞❡r❛❜❧❡ ❝❤✉r♥ ✐♥ ❝♦✉♥tr②✲♣❛✐r tr❛♥s❛❝t✐♦♥s✳ ❚❤✐s ✐s ❝♦♥s✐st❡♥t ✇✐t❤ t❤❡
✐❞❡❛ ♦❢ ♥❡✇ ✐♥♥♦✈❛t✐♦♥s ❝❛♥♥✐❜❛❧✐s✐♥❣ ❡①✐st✐♥❣ ❡①♣♦rts ❛s ✜r♠s tr❛♥s✐t✐♦♥
❢r♦♠ ♦❧❞❡r t♦ ♥❡✇❡r ♣r♦❞✉❝ts✳
❚❤❡ ❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ ♦✉r tr❡❛t❡❞ ❛♥❞ ❝♦♥tr♦❧ ❣r♦✉♣s ❢♦r t❤❡ ✐♥t❡♥✲
s✐✈❡ ♠❛r❣✐♥ ✐s ❛❧s♦ ❝♦♥s✐st❡♥t ✇✐t❤ ✐♥♥♦✈❛t✐♦♥ r❡s✉❧t✐♥❣ ✐♥ ❤✐❣❤❡r q✉❛❧✐t②
✈❛r✐❡t✐❡s ♦r ♣r♦❝❡ss ✐♥♥♦✈❛t✐♦♥ ❧❡❛❞✐♥❣ t♦ ❧♦✇❡r ❝♦sts ♦❢ ♣r♦❞✉❝t✐♦♥✳ P❡r✲
❤❛♣s t❤❡ ♠♦st ✐♠♣♦rt❛♥t ✜♥❞✐♥❣ ✐s t❤❛t ❞✉r✐♥❣ t❤✐s ♣❡r✐♦❞✱ ❋r❡♥❝❤ ✜r♠s
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t❤❛t ✐♥♥♦✈❛t❡❞ ✇❡r❡ ❛❜❧❡ t♦ ♠❛✐♥t❛✐♥ t❤❡ ✈❛❧✉❡ ♦❢ t❤❡✐r ❡①♣♦rts ✇❤✐❧❡ ♥♦♥✲
✐♥♥♦✈❛t♦rs ❡①♣❡r✐❡♥❝❡❞ ❞❡❝❧✐♥✐♥❣ ❡①♣♦rts✳ ■♥ t❤✐s s❡♥s❡✱ ✐t ❝❛♥ ❜❡ s❛✐❞ t❤❛t
✜r♠s ♥❡❡❞ t♦ ✐♥♥♦✈❛t❡ ✐♥ ♦r❞❡r t♦ s✉r✈✐✈❡ ❛♥❞ t❤❛t ❛ ❢❛✐❧✉r❡ t♦ ❞♦ s♦ ❝❛♥
❧❡❛❞ t♦ ❢❛✐r❧② ❞r❛♠❛t✐❝ ❢❛❧❧s ✐♥ t❤❡ ✈❛❧✉❡ ♦❢ ❡①♣♦rts✳
❖✉r r❡s✉❧ts ✐♠♣❧② t❤❛t ✐♥♥♦✈❛t✐♦♥ ✐s ♠♦r❡ ✐♠♣♦rt❛♥t t❤❛♥ ❡✈❡r ✐❢ ❞❡✲
✈❡❧♦♣❡❞ ❛♥❞ ♠❛t✉r❡ ❡❝♦♥♦♠✐❡s s✉❝❤ ❛s ❋r❛♥❝❡ ❛r❡ t♦ ❜❡ ❛s ♣r❡♣❛r❡❞ ❛s
♣♦ss✐❜❧❡ t♦ ❢❛❝❡ ❡✈❡r ✐♥❝r❡❛s✐♥❣ ✐♥t❡r♥❛t✐♦♥❛❧ ❝♦♠♣❡t✐t✐♦♥ ❢r♦♠ ❈❤✐♥❛ ❛♥❞
♦t❤❡r r❛♣✐❞❧② ✐♥❞✉str✐❛❧✐③✐♥❣ ❝♦✉♥tr✐❡s✳ ❯♣❣r❛❞✐♥❣ ❦♥♦✇❧❡❞❣❡ ♦❢ ❢♦r❡✐❣♥
♠❛r❦❡ts ❛♥❞ ✐♥tr♦❞✉❝✐♥❣ t❛✐❧♦r✲♠❛❞❡ ❣♦♦❞s ❞❡s✐❣♥❡❞ t♦ ♣❡♥❡tr❛t❡ ❞✐st❛♥t
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s❛❧❛r② r❡♣r❡s❡♥ts ❛✈❡r❛❣❡ ❛♥♥✉❛❧ s❛❧❛r② ♦❢ ❢✉❧❧✲t✐♠❡ ❡♠♣❧♦②❡❡s ✐♥ ❊✉r♦✳ ❚♦t❛❧ s❛❧❡s
❝❛❧❝✉❧❛t❡❞ ❛s ❛✈❡r❛❣❡ t♦t❛❧ s❛❧❡s ✭❞♦♠❡st✐❝ ✰ ❢♦r❡✐❣♥✮ ✐♥ t❤♦✉s❛♥❞s ♦❢ ❊✉r♦✳ ❚♦t❛❧
✐♥✈❡st♠❡♥t ❝❛❧❝✉❧❛t❡❞ ❛s ❛✈❡r❛❣❡ ♦❢ ✜r♠ t♦t❛❧ ✐♥✈❡st♠❡♥t ✐♥ ✜①❡❞ t❛♥❣✐❜❧❡ ❛ss❡ts ✐♥
t❤♦✉s❛♥❞s ♦❢ ❊✉r♦s✳ Pr♦❞✉❝t✐✈✐t② ✐s ❝❛❧❝✉❧❛t❡❞ ❛s ❧♦❣ ♦❢ t♦t❛❧ ❢❛❝t♦r ♣r♦❞✉❝t✐✈✐t②
❢♦❧❧♦✇✐♥❣ t❤❡ ❉❡ ▲♦❡❝❦❡r ✭✷✵✵✼✮ ❛♣♣r♦❛❝❤✳ ❈❛s❤✲✢♦✇ ❝❛❧❝✉❧❛t❡❞ ❛s t❤❡ r❛t✐♦ ❜❡t✇❡❡♥
✜r♠ ♥❡t ✐♥❝♦♠❡ ❛♥❞ t♦t❛❧ s❛❧❡s✳ ❘✫❉ ❛♥❞ ❡①♣♦rt ✐♥t❡♥s✐t✐❡s ❝❛❧❝✉❧❛t❡❞ ❛s t❤❡ r❛t✐♦
♦❢ ✜r♠ t♦t❛❧ ❡①♣❡♥❞✐t✉r❡ ✐♥ ❘✫❉ ♦r t♦t❛❧ ❡①♣♦rts ♦✈❡r t♦t❛❧ s❛❧❡s✳ ❆❧❧ ♠♦♥❡t❛r②
✈❛❧✉❡s ❞❡✢❛t❡❞ ✉s✐♥❣ ❖❊❈❉ ♣r♦❞✉❝t✐♦♥ ♣r✐❝❡ ✐♥❞❡①❡s ❛t t❤❡ ✐♥❞✉str②✲❧❡✈❡❧ ❢♦r ❋r❛♥❝❡
✐♥ ✷✵✵✵ ❛s ❛ ❜❛s❡❧✐♥❡✳ ❋✐r♠s ❝❛♥ ❜❡ ✐♥❝❧✉❞❡❞ ❛s ❛ ♥♦♥✲❡①♣♦rt❡r ❛♥❞ ❛s ❛♥ ❡①♣♦rt❡r ✐❢
t❤❡② ❝❤❛♥❣❡ st❛t✉s ✇✐t❤✐♥ ♦✉r t✐♠❡ ♣❡r✐♦❞✳ ❚❤❡ ♠❡❛♥s ❛r❡ ❝❛❧❝✉❧❛t❡❞ ❢♦r ❡❛❝❤ ②❡❛r
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◆♦t❡s✿ ▼❡❛♥ ❛♥❞ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ r❡♣♦rt❡❞ ❢♦r ❡❛❝❤ ✈❛r✐❛❜❧❡✳ ❚❤❡ ❞✐✛❡r❡♥t ❝❛t❡❣♦r✐❡s ❞❡♥♦t❡ ✜r♠s t❤❛t ✐♥✈❡st❡❞ ✐♥ ❘✫❉ ❢♦r t❤❡ ✜rst t✐♠❡✱ s✉❝❝❡ss❢✉❧❧② ✐♥tr♦❞✉❝❡❞ ♣r♦❞✉❝t ✐♥♥♦✈❛t✐♦♥ ♦r ♣r♦❝❡ss
✐♥♥♦✈❛t✐♦♥✱ ✐♥tr♦❞✉❝❡❞ ❛ ♣r♦❞✉❝t ❛♥❞ ❛ ♣r♦❝❡ss ✐♥♥♦✈❛t✐♦♥ ❥♦✐♥t❧② ✐♥ ❛ ❣✐✈❡♥ ②❡❛r ♦r ❤❛✈❡ ♥❡✈❡r ♣❡r❢♦r♠❡❞ ❛♥② ❘✫❉ ❛❝t✐✈✐t②✳ ❊♠♣❧♦②♠❡♥t ✐s t❤❡ ❛✈❡r❛❣❡ ♥✉♠❜❡r ♦❢ ❢✉❧❧✲t✐♠❡ ❡♠♣❧♦②❡❡s✳ ❆✈❡r❛❣❡
❛♥♥✉❛❧ s❛❧❛r② ♦❢ ❢✉❧❧✲t✐♠❡ ❡♠♣❧♦②❡❡s ✐♥ ❊✉r♦s✳ ❚♦t❛❧ s❛❧❡s ❝❛❧❝✉❧❛t❡❞ ❛s ❛✈❡r❛❣❡ t♦t❛❧ s❛❧❡s ✭❞♦♠❡st✐❝✰❢♦r❡✐❣♥✮ ✐♥ t❤♦✉s❛♥❞ ♦❢ ❊✉r♦✳ ❚♦t❛❧ ✐♥✈❡st♠❡♥t ❝❛❧❝✉❧❛t❡❞ ❛s ❛✈❡r❛❣❡ ♦❢ ✜r♠ t♦t❛❧ ✐♥✈❡st♠❡♥t
✐♥ ✜①❡❞ t❛♥❣✐❜❧❡ ❛ss❡ts ✐♥ t❤♦✉s❛♥❞s ♦❢ ❊✉r♦s✳ Pr♦❞✉❝t✐✈✐t② ❝❛❧❝✉❧❛t❡❞ ❛s ❧♦❣ ♦❢ t♦t❛❧ ❢❛❝t♦r ♣r♦❞✉❝t✐✈✐t② ❢♦❧❧♦✇✐♥❣ t❤❡ ❉❡ ▲♦❡❝❦❡r ✭✷✵✵✼✮ ❛♣♣r♦❛❝❤✳ ❈❛s❤✲✢♦✇ ❝❛❧❝✉❧❛t❡❞ ❛s t❤❡ r❛t✐♦ ❜❡t✇❡❡♥
✜r♠ ♥❡t ✐♥❝♦♠❡ ❛♥❞ t♦t❛❧ s❛❧❡s✳ ❊①♣♦rt ✐♥t❡♥s✐t② ❝❛❧❝✉❧❛t❡❞ ❛s t❤❡ r❛t✐♦ ♦❢ ✜r♠ t♦t❛❧ ❡①♣♦rts ♦✈❡r t♦t❛❧ s❛❧❡s✳ ❋♦r❡✐❣♥ ❛♥❞ ❋r❡♥❝❤ ❣r♦✉♣ ❛r❡ ❞✉♠♠② ✈❛r✐❛❜❧❡s ❡q✉❛❧ t♦ ✶ ✐❢ t❤❡ ✜r♠ ✐s ♣❛rt ♦❢ ❛
❢♦r❡✐❣♥ ♦r ❋r❡♥❝❤ ❜✉s✐♥❡ss ❣r♦✉♣ ❛♥❞ ✵ ♦t❤❡r✇✐s❡✳ ❘✫❉ ✐♥t❡♥s✐t② ❝❛❧❝✉❧❛t❡❞ ❛s ❛✈❡r❛❣❡ r❛t✐♦ ♦❢ ✜r♠s t♦t❛❧ ❡①♣❡♥❞✐t✉r❡ ♦♥ ❘✫❉ ♦✈❡r t♦t❛❧ s❛❧❡s ✭❘✫❉ ■♥q✉✐r② ❞❛t❛✮✳ ❚♦t❛❧ ❡①♣♦rts ✐♥❝❧✉❞❡s ❞❛t❛
♦♥ ❛❧❧ ✐♥tr❛✲❊❯ s❤✐♣♠❡♥ts ♦✈❡r e✶✵✵✱✵✵✵ ❛♥❞ ❡①tr❛✲❊❯ ♦✈❡r e✶✱✵✵✵ ❝♦❧❧❡❝t❡❞ ❜② t❤❡ ❋r❡♥❝❤ ❈✉st♦♠ ❆❣❡♥❝② ✐♥ t❤♦✉s❛♥❞s ♦❢ ❊✉r♦s✳ ❚❤❡ ✐♥t❡♥s✐✈❡ ♠❛r❣✐♥ ✐s ❝❛❧❝✉❧❛t❡❞ ❛s t❤❡ ✈❛❧✉❡ ♦❢ t❤❡ s❡t ♦❢
♣r♦❞✉❝t✲❝♦✉♥tr② tr❛♥s❛❝t✐♦♥s t❤❛t t❤❡ ✜r♠ ❡①♣♦rt❡❞ ❛t t✐♠❡ t − 1✳ ◆❡✇ tr❛♥s❛❝t✐♦♥s ❛r❡ ♠❡❛s✉r❡❞ ❛s t❤❡ ✈❛❧✉❡✱ ✐♥ t❤♦✉s❛♥❞s ♦❢ ❊✉r♦s ♦❢ ❛❧❧ ♥❡✇ ♣r♦❞✉❝t✲❝♦✉♥tr② tr❛♥s❛❝t✐♦♥s t❤❛t t❤❡ ✇❡r❡ ♥♦t
♦❜s❡r✈❡❞ ❛t t✐♠❡ t − 1✳ ❚❡r♠✐♥❛t❡❞ tr❛♥s❛❝t✐♦♥s ❛r❡ ♠❡❛s✉r❡❞ ❛s t❤❡ ✈❛❧✉❡✱ ✐♥ t❤♦✉s❛♥❞s ♦❢ ❊✉r♦s✱ ♦❢ ♣r♦❞✉❝t✲❝♦✉♥tr② tr❛♥s❛❝t✐♦♥s t❤❛t t❤❡ ✜r♠ ❡①♣♦rt❡❞ ✐♥ t − 1 ❜✉t ♥♦ ❧♦♥❣❡r ❡①♣♦rts✳ ◆❡t
tr❛❞❡ ❝r❡❛t✐♦♥ ✐s t❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ ♥❡✇ ❛♥❞ t❡r♠✐♥❛t❡❞ tr❛♥s❛❝t✐♦♥s✳ Pr♦❞✉❝t ❡①t❡♥s✐✈❡ ♠❛r❣✐♥ ❝❛❧❝✉❧❛t❡❞ ❛s ❛✈❡r❛❣❡ ♥✉♠❜❡r ♦❢ ♣r♦❞✉❝ts ❡①♣♦rt❡❞ ❜② ❋r❡♥❝❤ ✜r♠s✳ ❈♦✉♥tr② ❡①t❡♥s✐✈❡ ♠❛r❣✐♥
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❢✉❧❧ ♠❛❤❛❧❛♥♦❜✐s ❛♥❞ ♣r♦♣❡♥s✐t② s❝♦r❡ ♠❛t❝❤✐♥❣✱ ❝♦♠♠♦♥ s✉♣♣♦rt
❣r❛♣❤✐♥❣✱ ❛♥❞ ❝♦✈❛r✐❛t❡ ✐♠❜❛❧❛♥❝❡ t❡st✐♥❣✳ ❙t❛t✐st✐❝❛❧ ❙♦❢t✇❛r❡ ❈♦♠✲
♣♦♥❡♥ts✱ ❇♦st♦♥ ❈♦❧❧❡❣❡ ❉❡♣❛rt♠❡♥t ♦❢ ❊❝♦♥♦♠✐❝s✳
▲✐❧❡❡✈❛✱ ❆✳ ❛♥❞ ❉✳ ❚r❡✢❡r ✭✷✵✶✵✮✳ ■♠♣r♦✈❡❞ ❛❝❝❡ss t♦ ❢♦r❡✐❣♥ ♠❛r❦❡ts
r❛✐s❡s ♣❧❛♥t✲❧❡✈❡❧ ♣r♦❞✉❝t✐✈✐t②✳✳✳ ❢♦r s♦♠❡ ♣❧❛♥ts✳ ◗✉❛rt❡r❧② ❏♦✉r♥❛❧
♦❢ ❊❝♦♥♦♠✐❝s ✶✷✺ ✭✸✮✱ ✶✵✺✶✕✶✵✾✾✳
▲♦ ❚✉r❝♦✱ ❆✳ ❛♥❞ ❉✳ ▼❛❣❣✐♦♥✐ ✭✷✵✶✺✮✳ ❉✐ss❡❝t✐♥❣ t❤❡ ✐♠♣❛❝t ♦❢ ✐♥♥♦✲
✈❛t✐♦♥ ♦♥ ❡①♣♦rt✐♥❣ ✐♥ ❚✉r❦❡②✳ ❊❝♦♥♦♠✐❝s ♦❢ ■♥♥♦✈❛t✐♦♥ ❛♥❞ ◆❡✇
❚❡❝❤♥♦❧♦❣② ✭✷✹✭✹✮✮✱ ✸✵✾✕✸✸✽✳
✸✾
▼❛②❡r✱ ❚✳ ❛♥❞ ●✳ ❖tt❛✈✐❛♥♦ ✭✷✵✵✼✮✳ ❚❤❡ ❤❛♣♣② ❢❡✇✿ ❚❤❡ ✐♥t❡r♥❛t✐♦♥✲
❛❧✐s❛t✐♦♥ ♦❢ ❊✉r♦♣❡❛♥ ✜r♠s✳ ◆❡✇ ❢❛❝ts ❜❛s❡❞ ♦♥ ✜r♠✲❧❡✈❡❧ ❡✈✐❞❡♥❝❡✳
❙❝✐❡♥❝❡s P♦ ♣✉❜❧✐❝❛t✐♦♥s ✷✹✹✶✴✶✵✶✹✼✱ ❙❝✐❡♥❝❡s P♦✳
▼♦❤♥❡♥✱ P✳ ❛♥❞ ❇✳ ❍✳ ❍❛❧❧ ✭✷✵✶✸✮✳ ■♥♥♦✈❛t✐♦♥ ❛♥❞ ♣r♦❞✉❝t✐✈✐t②✿ ❆♥
✉♣❞❛t❡✳ ❊✉r❛s✐❛♥ ❇✉s✐♥❡ss ❘❡✈✐❡✇ ✸ ✭✶✮✱ ✹✼✕✻✺✳
❖❊❈❉ ✭✷✵✵✾✮✳ ■♥♥♦✈❛t✐♦♥ ✐♥ ✜r♠s✿ ❆ ♠✐❝r♦❡❝♦♥♦♠✐❝ ♣❡rs♣❡❝t✐✈❡✳ ❖❊❈❉
■♥♥♦✈❛t✐♦♥ ❙tr❛t❡❣②✳ ❖❊❈❉ P✉❜❧✐s❤✐♥❣✳
❖❧❧❡②✱ ●✳ ❙✳ ❛♥❞ ❆✳ P❛❦❡s ✭✶✾✾✻✮✳ ❚❤❡ ❞②♥❛♠✐❝s ♦❢ ♣r♦❞✉❝t✐✈✐t② ✐♥ t❤❡
t❡❧❡❝♦♠♠✉♥✐❝❛t✐♦♥s ❡q✉✐♣♠❡♥t ✐♥❞✉str②✳ ❊❝♦♥♦♠❡tr✐❝❛ ✻✹ ✭✻✮✱ ✶✷✻✸✕
✾✼✳
P❡tr✐♥✱ ❆✳ ✭✷✵✵✷✮✳ ◗✉❛♥t✐❢②✐♥❣ t❤❡ ❜❡♥❡✜ts ♦❢ ♥❡✇ ♣r♦❞✉❝ts✿ ❚❤❡ ❝❛s❡ ♦❢
t❤❡ ♠✐♥✐✈❛♥✳ ❏♦✉r♥❛❧ ♦❢ P♦❧✐t✐❝❛❧ ❊❝♦♥♦♠② ✶✶✵ ✭✹✮✱ ✼✵✺✕✼✷✾✳
❘♦♣❡r✱ ❙✳ ❛♥❞ ❏✳ ❍✳ ▲♦✈❡ ✭✷✵✵✷✮✳ ■♥♥♦✈❛t✐♦♥ ❛♥❞ ❡①♣♦rt ♣❡r❢♦r♠❛♥❝❡✿
❊✈✐❞❡♥❝❡ ❢r♦♠ t❤❡ ❯❑ ❛♥❞ ●❡r♠❛♥ ♠❛♥✉❢❛❝t✉r✐♥❣ ♣❧❛♥ts✳ ❘❡s❡❛r❝❤
P♦❧✐❝② ✸✶ ✭✼✮✱ ✶✵✽✼ ✕ ✶✶✵✷✳
❘♦s❡♥❜❛✉♠✱ P✳ ❘✳ ❛♥❞ ❉✳ ❇✳ ❘✉❜✐♥ ✭✶✾✽✸✮✳ ❚❤❡ ❝❡♥tr❛❧ r♦❧❡ ♦❢ t❤❡ ♣r♦♣❡♥✲
s✐t② s❝♦r❡ ✐♥ ♦❜s❡r✈❛t✐♦♥❛❧ st✉❞✐❡s ❢♦r ❝❛✉s❛❧ ❡✛❡❝ts✳ ❇✐♦♠❡tr✐❦❛ ✼✵ ✭✶✮✱
✹✶✕✺✺✳
❙❝❤✉♠♣❡t❡r✱ ❏✳ ❆✳ ✭✶✾✹✷✮✳ ❈❛♣✐t❛❧✐s♠✱ ❙♦❝✐❛❧✐s♠ ❛♥❞ ❉❡♠♦❝r❛❝②✳ ▲♦♥✲
❞♦♥✿ ❘♦✉t❧❡❞❣❡✳
❱❛♥ ▲♦♥❣✱ ◆✳✱ ❍✳ ❘❛✛✱ ❛♥❞ ❋✳ ❙t❛❤❧❡r ✭✷✵✶✶✮✳ ■♥♥♦✈❛t✐♦♥ ❛♥❞ tr❛❞❡ ✇✐t❤
❤❡t❡r♦❣❡♥❡♦✉s ✜r♠s✳ ❏♦✉r♥❛❧ ♦❢ ■♥t❡r♥❛t✐♦♥❛❧ ❊❝♦♥♦♠✐❝s ✽✹ ✭✷✮✱ ✶✹✾✕
✶✺✾✳
❲❛❦❡❧✐♥✱ ❑✳ ✭✶✾✾✽✮✳ ■♥♥♦✈❛t✐♦♥ ❛♥❞ ❡①♣♦rt ❜❡❤❛✈✐♦✉r ❛t t❤❡ ✜r♠ ❧❡✈❡❧✳
❘❡s❡❛r❝❤ P♦❧✐❝② ✷✻ ✭✼✲✽✮✱ ✽✷✾✕✽✹✶✳
✹✵
❆ ❆♣♣❡♥❞✐①
❚❛❜❧❡ ❆✶✿ ▼✉❧t✐♥♦♠✐❛❧ ❧♦❣✐t ❡st✐♠❛t✐♦♥ t♦ ❡st✐♠❛t❡ t❤❡ ♣r♦♣❡♥s✐t② s❝♦r❡
✶✾✾✾✲✷✵✵✼
❚r❡❛t♠❡♥t ✭✶✮ ✭✷✮ ✭✸✮ ✭✹✮
❘✫❉ P❞ P❝ P❞P❝
Employment
t−1
✷✳✹✼✹✵✯✯✯ ✷✳✾✷✸✼✯✯✯ ✷✳✹✶✸✽✯✯✯ ✷✳✶✸✾✺✯✯✯
✭✵✳✹✶✾✸✮ ✭✵✳✸✹✼✷✮ ✭✵✳✹✻✾✼✮ ✭✵✳✷✹✼✵✮
Employment2
t−1
✲✵✳✶✽✹✯✯✯ ✲✵✳✷✶✶✯✯✯ ✲✵✳✶✻✻✯✯✯ ✲✵✳✶✶✺✯✯✯
✭✵✳✵✹✷✶✮ ✭✵✳✵✸✹✶✮ ✭✵✳✵✹✺✹✮ ✭✵✳✵✷✸✾✮
Av. Salary
t−1
✶✳✵✶✵✹✯✯✯ ✵✳✾✾✾✼✯✯✯ ✲✵✳✷✹✼ ✶✳✸✵✹✵✯✯✯
✭✵✳✸✶✻✹✮ ✭✵✳✷✼✹✻✮ ✭✵✳✸✾✽✽✮ ✭✵✳✷✶✶✽✮
TFP t−1 ✲✵✳✷✹✵ ✵✳✵✹✶✼ ✵✳✷✸✼✷ ✲✵✳✶✽✽
✭✵✳✶✼✺✺✮ ✭✵✳✶✺✷✺✮ ✭✵✳✷✶✼✹✮ ✭✵✳✶✶✽✼✮
Export Intensity
t−1
✶✳✻✹✺✷✯✯✯ ✶✳✹✽✼✽✯✯✯ ✶✳✸✹✻✽✯✯✯ ✶✳✼✷✾✽✯✯✯
✭✵✳✷✸✽✼✮ ✭✵✳✷✵✻✵✮ ✭✵✳✷✽✽✵✮ ✭✵✳✶✻✵✶✮
Capital Intensity
t−1
✵✳✵✾✺✽ ✵✳✶✺✾✷✯✯ ✵✳✷✾✻✾✯✯✯ ✵✳✶✺✹✼✯✯✯
✭✵✳✵✻✸✷✮ ✭✵✳✵✺✸✽✮ ✭✵✳✵✽✶✾✮ ✭✵✳✵✹✷✹✮
Cash F lowt−1 t✲✶ ✷✳✸✸✷✾✯✯ ✶✳✽✸✽✵✯ ✲✵✳✻✽✻ ✶✳✾✸✻✽✯✯✯
✭✵✳✽✸✻✵✮ ✭✵✳✼✸✾✸✮ ✭✵✳✽✹✹✵✮ ✭✵✳✺✻✺✸✮
Foreign Groupt ✵✳✷✽✸✾ ✵✳✶✵✹✺ ✵✳✷✷✽✼ ✵✳✸✵✶✾✯
✭✵✳✷✵✸✷✮ ✭✵✳✶✻✼✽✮ ✭✵✳✷✹✷✽✮ ✭✵✳✶✸✶✸✮
French Groupt ✵✳✼✻✶✷✯✯✯ ✵✳✹✾✷✶✯✯✯ ✵✳✻✶✶✾✯✯ ✵✳✻✾✶✸✯✯✯
✭✵✳✶✻✷✾✮ ✭✵✳✶✸✾✶✮ ✭✵✳✷✵✸✹✮ ✭✵✳✶✵✾✻✮
Observations ✶✶✱✵✾✶ ✶✶✱✵✾✶ ✶✶✱✵✾✶ ✶✶✱✵✾✶
◆♦t❡✿ ❚❤❡ ❡st✐♠❛t♦r ✉s❡❞ ✐s ❛ ♠✉❧t✐♥♦♠✐❛❧ ❧♦❣✐t✳ ❯♥r❡♣♦rt❡❞ ②❡❛r✱ r❡❣✐♦♥
❛♥❞ ✐♥❞✉str② ✭◆❆❈❊ r❡✈✳✶✱ ✷✲❞✐❣✐t✮ ❞✉♠♠✐❡s ❛r❡ ✐♥❝❧✉❞❡❞✳ ❘♦❜✉st st❛♥❞❛r❞
❡rr♦rs r❡♣♦rt❡❞ ✐♥ ♣❛r❡♥t❤❡s❡s✳ ✯✯✯ ♣❁✵✳✵✵✶✱ ✯✯ ♣❁✵✳✵✶✱ ✯ ♣❁✵✳✵✺✳ ❚❤❡ ❞❡✲
♣❡♥❞❡♥t ✈❛r✐❛❜❧❡s R&D✱ Pd✱ Pc ❛♥❞ PdPc ❞❡♥♦t❡s t❤❡ ♣♦ss✐❜❧❡ ✐♥♥♦✈❛t✐♥❣
tr❡❛t♠❡♥ts ♦❢ ✐♥✈❡st✐♥❣ ✐♥ ❘✫❉✱ ✐♥tr♦❞✉❝✐♥❣ ❛ ♣r♦❞✉❝t ✐♥♥♦✈❛t✐♦♥✱ ❛ ♣r♦❝❡ss
✐♥♥♦✈❛t✐♦♥ ♦r t♦ ❥♦✐♥t❧② ✐♥tr♦❞✉❝❡ ❛ ♣r♦❞✉❝t ❛♥❞ ❛ ♣r♦❝❡ss ✐♥♥♦✈❛t✐♦♥ r❡s♣❡❝✲
t✐✈❡❧② ❛♥❞ ❛r❡ ❡q✉❛❧ t♦ ✶ ✐❢ ✜r♠s ❤❛✈❡ ❜❡❡♥ tr❡❛t❡❞ ❢♦r t❤❡ ✜rst t✐♠❡ ❛♥❞ ✵
♦t❤❡r✇✐s❡✳ ❆s r❡❣r❡ss♦rs✱ ❡♠♣❧ ✐s t❤❡ ❧♦❣ ♦❢ t❤❡ ♥✉♠❜❡rs ♦❢ ❡♠♣❧♦②❡❡s✱ s❛❧❛r②
✐s t❤❡ ❧♦❣ ♦❢ ✇❛❣❡ ♣❡r ❡♠♣❧♦②❡❡ ❝❛❧❝✉❧❛t❡❞ ❛s t❤❡ r❛t✐♦ ♦❢ t♦t❛❧ ❧❛❜♦r ❝♦st ♦✈❡r
t♦t❛❧ ♥✉♠❜❡r ♦❢ ❡♠♣❧♦②❡❡s✱ ❚❋P ✐s t❤❡ ❧♦❣ ♦❢ t❤❡ t♦t❛❧ ❢❛❝t♦r ♣r♦❞✉❝t✐✈✐t②
❝❛❧❝✉❧❛t❡❞ ❢♦❧❧♦✇✐♥❣ t❤❡ ❉❡ ▲♦❡❝❦❡r ✭✷✵✵✼✮ ❛♣♣r♦❛❝❤✳ ❊①♣♦rt ✐♥t❡♥s✐t② ✐s t❤❡
r❛t✐♦ ♦❢ ❛ ✜r♠ t♦t❛❧ ❡①♣♦rts ♦✈❡r t♦t❛❧ s❛❧❡s✱ ❝❛♣✐t❛❧ ✐♥t❡♥s✐t② ✐s t❤❡ ❧♦❣ ✈❛❧✉❡
♦❢ t♦t❛❧ ✐♥✈❡st♠❡♥t ✐♥ ✜①❡❞ t❛♥❣✐❜❧❡ ❛ss❡ts ♦✈❡r t♦t❛❧ ❡♠♣❧♦②♠❡♥t✱ ❝❛s❤✲✢♦✇
✐s ❝❛❧❝✉❧❛t❡❞ ❛s t❤❡ r❛t✐♦ ❜❡t✇❡❡♥ ✜r♠ ♥❡t ✐♥❝♦♠❡ ❛♥❞ t♦t❛❧ s❛❧❡s✱ ✇❤✐❧❡ ❢♦r✲
❡✐❣♥ ❛♥❞ ❋r❡♥❝❤ ❣r♦✉♣ ❛r❡ t✇♦ ❞✉♠♠② ✈❛r✐❛❜❧❡s ❡q✉❛❧ t♦ ✶ ✐❢ ✜r♠ ✐s ♣❛rt ♦❢ ❛
❢♦r❡✐❣♥ ♦r ❋r❡♥❝❤ ❜✉s✐♥❡ss ❣r♦✉♣ ❛♥❞ ✵ ♦t❤❡r✇✐s❡✳
✹✶
❚❛❜❧❡ ❆✷✿ ▼❛t❝❤✐♥❣ ♣r♦♣❡♥s✐t② ❛✈❡r❛❣❡ ❜❛❧❛♥❝✐♥❣ t❡st ❢♦r t❤❡ ❘✫❉ ■♥✈❡st✲
♠❡♥t ♣r♦♣❡♥s✐t② s❝♦r❡
▼❡❛♥ ❇✐❛s ❊q✉❛❧✐t② ♦❢ ▼❡❛♥s
❱❛r✐❛❜❧❡ ❚r❡❛t❡❞ ❈♦♥tr♦❧ ❙t❞✳ ❇✐❛s ❘❡❞✉❝t ❇✐❛s t ♣❃⑤t⑤
Employment
t−1
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t−1
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Capital Intensity
t−1
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French Groupt ✵✳✺✾✵✸✷ ✵✳✻ ✲✷ ✾✸✳✽ ✲✵✳✷✺ ✵✳✽✵✻
❙❛♠♣❧❡ ❙t❛t✳ R2 LRchi2 p > chi2 ▼❡❛♥ ❇✐❛s ▼❡❞✳❇✐❛s
✵✳✵✷✸ ✶✾✳✹✼ ✵✳✵✸✺ ✶✷✳✺ ✶✸✳✸
◆♦t❡✿ ❈♦❧✉♠♥s ✭✷✮ ❛♥❞ ✭✸✮ ♣r❡s❡♥t t❤❡ ♠❡❛♥ ✈❛❧✉❡ ♦❢ ❡❛❝❤ ❝♦♥tr♦❧ ✈❛r✐❛❜❧❡ ❢♦r ✜r♠s ✐♥ t❤❡
tr❡❛t❡❞ ❛♥❞ ❝♦♥tr♦❧ ❣r♦✉♣s✳ ■♥ ❝♦❧✉♠♥s ✭✹✮ ❛♥❞ ✭✺✮ ✇❡ ❞✐s♣❧❛② t❤❡ ♠❡❞✐❛♥ st❛♥❞❛r❞ ❜✐❛s ❛❝r♦ss
❛❧❧ t❤❡ ❝♦✈❛r✐❛t❡s ✐♥❝❧✉❞❡❞ ✐♥ t❤❡ ♠✉❧t✐♥♦♠✐❛❧ ❧♦❣✐t ❡st✐♠❛t✐♦♥ ❛♥❞ t❤❡ ♣❡r❝❡♥t❛❣❡ r❡❞✉❝t✐♦♥ ✐♥
t❤❡ ❜✐❛s ❛❢t❡r t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ♦❢ t❤❡ ♠❛t❝❤✐♥❣ ♣r♦❝❡❞✉r❡✳ ❈♦❧✉♠♥s ✻ ❛♥❞ ✼ r❡♣♦rt t❤❡ t✲t❡sts ❢♦r
t❤❡ ❡q✉❛❧✐t② ♦❢ t❤❡ ♠❡❛♥ ✈❛❧✉❡s ♦❢ ✜r♠s ✐♥ t❤❡ ♠❛t❝❤❡❞ s❛♠♣❧❡ ❝♦♠♣❛r❡❞ t♦ t❤♦s❡ ✐♥ ✉♥♠❛t❝❤❡❞
s❛♠♣❧❡✳ ❋✐♥❛❧❧②✱ ✐♥ t❤❡ ❜♦tt♦♠ r♦✇ ✇❡ ♣r❡s❡♥t ❛ s✉♠♠❛r② ♦❢ st❛t✐st✐❝s r❡❣❛r❞✐♥❣ t❤❡ ✇❤♦❧❡
s❛♠♣❧❡✳ ❋✐rst✱ ✇❡ ✐♥❝❧✉❞❡ t❤❡ ♣s❡✉❞♦ R2 ❢r♦♠ t❤❡ ♣r♦❜✐t ❡st✐♠❛t✐♦♥ ♦❢ t❤❡ tr❡❛t♠❡♥t ♦♥ ❝♦✈❛r✐✲
❛t❡s ❛♥❞ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ χ2 st❛t✐st✐❝ ❛♥❞ ♣✲✈❛❧✉❡ ♦❢ ❧✐❦❡❧✐❤♦♦❞✲r❛t✐♦ t❡st ♦❢ ❥♦✐♥t s✐❣♥✐✜❝❛♥❝❡
♦❢ ❝♦✈❛r✐❛t❡s✳ ■♥ ❛❞❞✐t✐♦♥✱ ✇❡ ♣r❡s❡♥t t❤❡ ♠❡❛♥ ❛♥❞ ♠❡❞✐❛♥ ❜✐❛s ❛s s✉♠♠❛r② ✐♥❞✐❝❛t♦rs ♦❢ t❤❡
❞✐str✐❜✉t✐♦♥ ♦❢ ❜✐❛s ❛❝r♦ss t❤❡ s❛♠♣❧❡s✳
❚❛❜❧❡ ❆✸✿ ▼❛t❝❤✐♥❣ ♣r♦♣❡♥s✐t② ❛✈❡r❛❣❡ ❜❛❧❛♥❝✐♥❣ t❡st ❢♦r t❤❡ Pr♦❞✉❝t ■♥✲
♥♦✈❛t✐♦♥ ♣r♦♣❡♥s✐t② s❝♦r❡
▼❡❛♥ ❇✐❛s ❊q✉❛❧✐t② ♦❢ ▼❡❛♥s
❱❛r✐❛❜❧❡ ❚r❡❛t❡❞ ❈♦♥tr♦❧ ❙t❞✳ ❇✐❛s ❘❡❞✉❝t ❇✐❛s t ♣❃⑤t⑤
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Export Intensity
t−1
✵✳✷✻✼✵✼ ✵✳✷✺✺✻✸ ✹✳✾ ✽✽✳✾ ✵✳✻✾ ✵✳✹✽✾
Capital Intensity
t−1
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French Groupt ✵✳✺✸✽✸ ✵✳✺✼✻✻ ✲✼✳✼ ✻✸✳✻ ✲✶✳✶✽ ✵✳✷✸✽
❙❛♠♣❧❡ ❙t❛t✳ R2 LRchi2 p > chi2 ▼❡❛♥ ❇✐❛s ▼❡❞✳❇✐❛s
✵✳✵✷✾ ✸✽✳✵✽ ✵ ✶✵✳✷ ✼✳✼
◆♦t❡✿ ❈♦❧✉♠♥s ✭✷✮ ❛♥❞ ✭✸✮ ♣r❡s❡♥t t❤❡ ♠❡❛♥ ✈❛❧✉❡ ♦❢ ❡❛❝❤ ❝♦♥tr♦❧ ✈❛r✐❛❜❧❡ ❢♦r ✜r♠s ✐♥ t❤❡
tr❡❛t❡❞ ❛♥❞ ❝♦♥tr♦❧ ❣r♦✉♣s✳ ■♥ ❝♦❧✉♠♥s ✭✹✮ ❛♥❞ ✭✺✮ ✇❡ ❞✐s♣❧❛② t❤❡ ♠❡❞✐❛♥ st❛♥❞❛r❞ ❜✐❛s ❛❝r♦ss
❛❧❧ t❤❡ ❝♦✈❛r✐❛t❡s ✐♥❝❧✉❞❡❞ ✐♥ t❤❡ ♠✉❧t✐♥♦♠✐❛❧ ❧♦❣✐t ❡st✐♠❛t✐♦♥ ❛♥❞ t❤❡ ♣❡r❝❡♥t❛❣❡ r❡❞✉❝t✐♦♥ ✐♥
t❤❡ ❜✐❛s ❛❢t❡r t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ♦❢ t❤❡ ♠❛t❝❤✐♥❣ ♣r♦❝❡❞✉r❡✳ ❈♦❧✉♠♥s ✭✻✮ ❛♥❞ ✭✼✮ r❡♣♦rt t❤❡ t✲t❡sts
❢♦r t❤❡ ❡q✉❛❧✐t② ♦❢ t❤❡ ♠❡❛♥ ✈❛❧✉❡s ♦❢ ✜r♠s ✐♥ t❤❡ ♠❛t❝❤❡❞ s❛♠♣❧❡ ❝♦♠♣❛r❡❞ t♦ t❤♦s❡ ✐♥ ✉♥✲
♠❛t❝❤❡❞ s❛♠♣❧❡✳ ❋✐♥❛❧❧②✱ ✐♥ t❤❡ ❜♦tt♦♠ r♦✇ ✇❡ ♣r❡s❡♥t ❛ s✉♠♠❛r② ♦❢ st❛t✐st✐❝s r❡❣❛r❞✐♥❣ t❤❡
✇❤♦❧❡ s❛♠♣❧❡✳ ❋✐rst✱ ✇❡ ✐♥❝❧✉❞❡ t❤❡ ♣s❡✉❞♦ R2 ❢r♦♠ t❤❡ ♣r♦❜✐t ❡st✐♠❛t✐♦♥ ♦❢ t❤❡ tr❡❛t♠❡♥t ♦♥
❝♦✈❛r✐❛t❡s ❛♥❞ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ χ2 st❛t✐st✐❝ ❛♥❞ ♣✲✈❛❧✉❡ ♦❢ ❧✐❦❡❧✐❤♦♦❞✲r❛t✐♦ t❡st ♦❢ ❥♦✐♥t s✐❣♥✐✜✲
❝❛♥❝❡ ♦❢ ❝♦✈❛r✐❛t❡s✳ ■♥ ❛❞❞✐t✐♦♥✱ ✇❡ ♣r❡s❡♥t t❤❡ ♠❡❛♥ ❛♥❞ ♠❡❞✐❛♥ ❜✐❛s ❛s s✉♠♠❛r② ✐♥❞✐❝❛t♦rs ♦❢
t❤❡ ❞✐str✐❜✉t✐♦♥ ♦❢ ❜✐❛s ❛❝r♦ss t❤❡ s❛♠♣❧❡s✳
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❚❛❜❧❡ ❆✹✿ ▼❛t❝❤✐♥❣ ♣r♦♣❡♥s✐t② ❛✈❡r❛❣❡ ❜❛❧❛♥❝✐♥❣ t❡st ❢♦r t❤❡ Pr♦❝❡ss ■♥✲
♥♦✈❛t✐♦♥ ♣r♦♣❡♥s✐t② s❝♦r❡
▼❡❛♥ ❇✐❛s ❊q✉❛❧✐t② ♦❢ ▼❡❛♥s
❱❛r✐❛❜❧❡ ❚r❡❛t❡❞ ❈♦♥tr♦❧ ❙t❞✳ ❇✐❛s ❘❡❞✉❝t ❇✐❛s t ♣❃⑤t⑤
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❙❛♠♣❧❡ ❙t❛t✳ R2 LRchi2 p > chi2 ▼❡❛♥ ❇✐❛s ▼❡❞✳❇✐❛s
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◆♦t❡✿ ❈♦❧✉♠♥s ✭✷✮ ❛♥❞ ✭✸✮ ♣r❡s❡♥t t❤❡ ♠❡❛♥ ✈❛❧✉❡ ♦❢ ❡❛❝❤ ❝♦♥tr♦❧ ✈❛r✐❛❜❧❡ ❢♦r ✜r♠s ✐♥ t❤❡
tr❡❛t❡❞ ❛♥❞ ❝♦♥tr♦❧ ❣r♦✉♣s✳ ■♥ ❝♦❧✉♠♥s ✭✹✮ ❛♥❞ ✭✺✮ ✇❡ ❞✐s♣❧❛② t❤❡ ♠❡❞✐❛♥ st❛♥❞❛r❞ ❜✐❛s ❛❝r♦ss
❛❧❧ t❤❡ ❝♦✈❛r✐❛t❡s ✐♥❝❧✉❞❡❞ ✐♥ t❤❡ ♠✉❧t✐♥♦♠✐❛❧ ❧♦❣✐t ❡st✐♠❛t✐♦♥ ❛♥❞ t❤❡ ♣❡r❝❡♥t❛❣❡ r❡❞✉❝t✐♦♥ ✐♥
t❤❡ ❜✐❛s ❛❢t❡r t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ♦❢ t❤❡ ♠❛t❝❤✐♥❣ ♣r♦❝❡❞✉r❡✳ ❈♦❧✉♠♥s ✭✻✮ ❛♥❞ ✭✼✮ r❡♣♦rt t❤❡ t✲t❡sts
❢♦r t❤❡ ❡q✉❛❧✐t② ♦❢ t❤❡ ♠❡❛♥ ✈❛❧✉❡s ♦❢ ✜r♠s ✐♥ t❤❡ ♠❛t❝❤❡❞ s❛♠♣❧❡ ❝♦♠♣❛r❡❞ t♦ t❤♦s❡ ✐♥ ✉♥✲
♠❛t❝❤❡❞ s❛♠♣❧❡✳ ❋✐♥❛❧❧②✱ ✐♥ t❤❡ ❜♦tt♦♠ r♦✇ ✇❡ ♣r❡s❡♥t ❛ s✉♠♠❛r② ♦❢ st❛t✐st✐❝s r❡❣❛r❞✐♥❣ t❤❡
✇❤♦❧❡ s❛♠♣❧❡✳ ❋✐rst✱ ✇❡ ✐♥❝❧✉❞❡ t❤❡ ♣s❡✉❞♦ R2 ❢r♦♠ t❤❡ ♣r♦❜✐t ❡st✐♠❛t✐♦♥ ♦❢ t❤❡ tr❡❛t♠❡♥t ♦♥
❝♦✈❛r✐❛t❡s ❛♥❞ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ χ2 st❛t✐st✐❝ ❛♥❞ ♣✲✈❛❧✉❡ ♦❢ ❧✐❦❡❧✐❤♦♦❞✲r❛t✐♦ t❡st ♦❢ ❥♦✐♥t s✐❣♥✐✜✲
❝❛♥❝❡ ♦❢ ❝♦✈❛r✐❛t❡s✳ ■♥ ❛❞❞✐t✐♦♥✱ ✇❡ ♣r❡s❡♥t t❤❡ ♠❡❛♥ ❛♥❞ ♠❡❞✐❛♥ ❜✐❛s ❛s s✉♠♠❛r② ✐♥❞✐❝❛t♦rs ♦❢
t❤❡ ❞✐str✐❜✉t✐♦♥ ♦❢ ❜✐❛s ❛❝r♦ss t❤❡ s❛♠♣❧❡s✳
❚❛❜❧❡ ❆✺✿ ▼❛t❝❤✐♥❣ ♣r♦♣❡♥s✐t② ❛✈❡r❛❣❡ ❜❛❧❛♥❝✐♥❣ t❡st ❢♦r t❤❡ Pr♦❞✉❝t ✫
Pr♦❝❡ss ■♥♥♦✈❛t✐♦♥ ♣r♦♣❡♥s✐t② s❝♦r❡
▼❡❛♥ ❇✐❛s ❊q✉❛❧✐t② ♦❢ ▼❡❛♥s
❱❛r✐❛❜❧❡ ❚r❡❛t❡❞ ❈♦♥tr♦❧ ❙t❞✳ ❇✐❛s ❘❡❞✉❝t ❇✐❛s t ♣❃⑤t⑤
Employment
t−1
✹✳✽✵✸✷ ✹✳✽✶✺✹ ✲✶✳✶ ✾✽✳✾ ✲✵✳✷✸ ✵✳✽✶✻
Employment2
t−1
✷✹✳✷✼✺ ✷✹✳✸✹✻ ✲✵✳✻ ✾✾✳✸ ✲✵✳✶✸ ✵✳✽✾✻
Av. Salary
t−1
✸✳✸✷✻ ✸✳✸✷✾✷ ✲✶✳✷ ✾✼✳✹ ✲✵✳✷✹ ✵✳✽✵✽
TFP t−1 ✹✳✼✸✼✹ ✹✳✼✷✺✾ ✶✳✽ ✾✻✳✹ ✵✳✸✺ ✵✳✼✷✽
Export Intensity
t−1
✵✳✷✼✺✷ ✵✳✷✺✸✹✻ ✾✳✺ ✽✸✳✸ ✶✳✽✸ ✵✳✵✻✽
Capital Intensity
t−1
✸✳✽✾✽✸ ✸✳✽✶ ✽✳✾ ✼✵✳✶ ✶✳✼✺ ✵✳✵✽
Cash F lowt−1 ✵✳✵✸✻✼✻ ✵✳✵✸✼✸✻ ✲✵✳✼ ✾✹✳✹ ✲✵✳✶✹ ✵✳✽✽✻
Foreign Groupt ✵✳✸✷✽✻✼ ✵✳✸✹✻✶✺ ✲✹✳✶ ✾✶ ✲✵✳✼✼ ✵✳✹✹✹
French Groupt ✵✳✺✷✼✾✼ ✵✳✺✷✸✸✶ ✵✳✾ ✾✺✳✶ ✵✳✶✾ ✵✳✽✹✼
❙❛♠♣❧❡ ❙t❛t✳ R2 LRchi2 p > chi2 ▼❡❛♥ ❇✐❛s ▼❡❞✳❇✐❛s
✵✳✵✵✹ ✾✳✾✾ ✵✳✹✹✶ ✸✳✶ ✶✳✺
◆♦t❡✿ ❈♦❧✉♠♥s ✭✷✮ ❛♥❞ ✭✸✮ ♣r❡s❡♥t t❤❡ ♠❡❛♥ ✈❛❧✉❡ ♦❢ ❡❛❝❤ ❝♦♥tr♦❧ ✈❛r✐❛❜❧❡ ❢♦r ✜r♠s ✐♥ t❤❡
tr❡❛t❡❞ ❛♥❞ ❝♦♥tr♦❧ ❣r♦✉♣s✳ ■♥ ❝♦❧✉♠♥s ✭✹✮ ❛♥❞ ✭✺✮ ✇❡ ❞✐s♣❧❛② t❤❡ ♠❡❞✐❛♥ st❛♥❞❛r❞ ❜✐❛s ❛❝r♦ss
❛❧❧ t❤❡ ❝♦✈❛r✐❛t❡s ✐♥❝❧✉❞❡❞ ✐♥ t❤❡ ♠✉❧t✐♥♦♠✐❛❧ ❧♦❣✐t ❡st✐♠❛t✐♦♥ ❛♥❞ t❤❡ ♣❡r❝❡♥t❛❣❡ r❡❞✉❝t✐♦♥ ✐♥
t❤❡ ❜✐❛s ❛❢t❡r t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ♦❢ t❤❡ ♠❛t❝❤✐♥❣ ♣r♦❝❡❞✉r❡✳ ❈♦❧✉♠♥s ✭✻✮ ❛♥❞ ✭✼✮ r❡♣♦rt t❤❡ t✲t❡sts
❢♦r t❤❡ ❡q✉❛❧✐t② ♦❢ t❤❡ ♠❡❛♥ ✈❛❧✉❡s ♦❢ ✜r♠s ✐♥ t❤❡ ♠❛t❝❤❡❞ s❛♠♣❧❡ ❝♦♠♣❛r❡❞ t♦ t❤♦s❡ ✐♥ ✉♥✲
♠❛t❝❤❡❞ s❛♠♣❧❡✳ ❋✐♥❛❧❧②✱ ✐♥ t❤❡ ❜♦tt♦♠ r♦✇ ✇❡ ♣r❡s❡♥t ❛ s✉♠♠❛r② ♦❢ st❛t✐st✐❝s r❡❣❛r❞✐♥❣ t❤❡
✇❤♦❧❡ s❛♠♣❧❡✳ ❋✐rst✱ ✇❡ ✐♥❝❧✉❞❡ t❤❡ ♣s❡✉❞♦ R2 ❢r♦♠ t❤❡ ♣r♦❜✐t ❡st✐♠❛t✐♦♥ ♦❢ t❤❡ tr❡❛t♠❡♥t ♦♥
❝♦✈❛r✐❛t❡s ❛♥❞ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ χ2 st❛t✐st✐❝ ❛♥❞ ♣✲✈❛❧✉❡ ♦❢ ❧✐❦❡❧✐❤♦♦❞✲r❛t✐♦ t❡st ♦❢ ❥♦✐♥t s✐❣♥✐✜✲
❝❛♥❝❡ ♦❢ ❝♦✈❛r✐❛t❡s✳ ■♥ ❛❞❞✐t✐♦♥✱ ✇❡ ♣r❡s❡♥t t❤❡ ♠❡❛♥ ❛♥❞ ♠❡❞✐❛♥ ❜✐❛s ❛s s✉♠♠❛r② ✐♥❞✐❝❛t♦rs ♦❢
t❤❡ ❞✐str✐❜✉t✐♦♥ ♦❢ ❜✐❛s ❛❝r♦ss t❤❡ s❛♠♣❧❡s✳
✹✸
❚❛❜❧❡ ❆✻✿ ❉❡✜♥✐t✐♦♥ ♦❢ ❱❛r✐❛❜❧❡s
❱❛r✐❛❜❧❡ ❉❡✜♥✐t✐♦♥
❚♦t✳ ❊①♣♦rts ❋✐r♠ i ❡①♣♦rts ❢♦r ✐♥tr❛✲❊❯ s❤✐♣♠❡♥ts ♦✈❡r e ✶✵✵✱✵✵✵ ❛♥❞ ❡①tr❛✲❊❯ ♦✈❡r e
✶✱✵✵✵ ✭❈✉st♦♠s ❉❛t❛✮✳
❊①♣♦rt ■♥t❡♥s✐t② ❘❛t✐♦ ♦❢ ✜r♠ i t♦t❛❧ ❡①♣♦rts ♦✈❡r t♦t❛❧ s❛❧❡s ❛t t✐♠❡ t ✭❈✉st♦♠s ❛♥❞ ❋❇❙
❉❛t❛✮✳
■♥t❡♥s✐✈❡ ▼❛r❣✐♥ t♦t❛❧ ✈❛❧✉❡✱ ✐♥ ❡❛❝❤ ②❡❛r✱ ♦❢ t❤❡ s❡t ♦❢ ♣r♦❞✉❝t✲❝♦✉♥tr② tr❛♥s❛❝t✐♦♥s ❡①♣♦rt❡❞
❜② ✜r♠ i ✐♥ ②❡❛r t− 1 ✭❈✉st♦♠s ❉❛t❛✮✳
Pr♦❞✉❝t ❊①t❡♥s✐✈❡ ▼❛r❣✐♥ ❈♦✉♥t ✈❛r✐❛❜❧❡ ❢♦r t❤❡ ♥✉♠❜❡r ♦❢ ♣r♦❞✉❝ts ❡①♣♦rt❡❞ ❜② ❡❛❝❤ ✜r♠ ✭❈✉st♦♠s
❉❛t❛✮✳
❈♦✉♥tr② ❊①t❡♥s✐✈❡ ▼❛r❣✐♥ ❈♦✉♥t ✈❛r✐❛❜❧❡ ❢♦r t❤❡ ♥✉♠❜❡r ♦❢ ❢♦r❡✐❣♥ ♠❛r❦❡ts s❡r✈❡❞ ❜② ❡❛❝❤ ✜r♠ ✭❈✉st♦♠
❉❛t❛✮✳
◆❡✇ ❚r❛♥s❛❝t✐♦♥s t♦t❛❧ ✈❛❧✉❡ ♦❢ t❤❡ s❡t ♦❢ ♣r♦❞✉❝t✲❝♦✉♥tr② tr❛♥s❛❝t✐♦♥s t❤❛t ✇❡r❡ ♥♦t ❡①♣♦rt❡❞
❜② ✜r♠ i ✐♥ ②❡❛r t− 1 ✭❈✉st♦♠s ❉❛t❛✮✳
❚❡r♠✐♥❛t❡❞ ❚r❛♥s❛❝t✐♦♥s ❈✉♠✉❧❛t✐✈❡ ✈❛❧✉❡ ♦❢ t❤❡ s❡t ♦❢ ♣r♦❞✉❝t✲❝♦✉♥tr② tr❛♥s❛❝t✐♦♥s t❤❛t ✇❡r❡ ❡①✲
♣♦rt❡❞ ❜② ✜r♠ i ✐♥ ②❡❛r t− 1 ❜✉t ❛r❡ ♥♦ ❧♦♥❣❡r ❡①♣♦rt❡❞ ✭❈✉st♦♠s ❉❛t❛✮✳
◆❡t ❚r❛❞❡ ❈r❡❛t✐♦♥ ❚❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ ❧♦❣ ✈❛❧✉❡ ♦❢ ◆❡✇ ❚r❛♥s❛❝t✐♦♥s ❛♥❞ ❧♦❣ ✈❛❧✉❡ ♦❢
t❡r♠✐♥❛t❡❞ tr❛♥s❛❝t✐♦♥s ✭❈✉st♦♠s ❉❛t❛✮✳
❊♠♣❧♦②♠❡♥t ❙✐③❡ ♦❢ ✜r♠ i ♠❡❛s✉r❡❞ ❛s t❤❡ ❧♦❣ ♦❢ t♦t❛❧ ❡♠♣❧♦②❡❡s ✭❋❇❙ ❉❛t❛✮✳
❆✈✳ ❙❛❧❛r② ❚❤❡ ✇❛❣❡ ♣❡r ❡♠♣❧♦②❡❡ ❝❛❧❝✉❧❛t❡❞ ❛s t❤❡ r❛t✐♦ ♦❢ t♦t❛❧ ❧❛❜♦r ♣❛②♠❡♥ts ♦✈❡r
t♦t❛❧ ❡♠♣❧♦②♠❡♥t ✭❋❇❙ ❉❛t❛✮✳
❚♦t❛❧ ❙❛❧❡s ❋✐r♠ i t♦t❛❧ s❛❧❡s ✭❞♦♠❡st✐❝✰❢♦r❡✐❣♥✮ ✭❋❇❙ ❞❛t❛✮✳
❚♦t❛❧ ■♥✈❡st♠❡♥t ❋✐r♠ i t♦t❛❧ ✐♥✈❡st♠❡♥t ✐♥ ✜①❡❞ t❛♥❣✐❜❧❡ ❛ss❡ts ✭❋❇❙ ❞❛t❛✮✳
❈❛s❤ ✢♦✇ ❚❤❡ r❛t✐♦ ❜❡t✇❡❡♥ ✜r♠ i ♥❡t ✐♥❝♦♠❡ ❛♥❞ t♦t❛❧ s❛❧❡s ✭❋❇❙ ❉❛t❛✮✳
❚❋P ❚❤❡ ❧♦❣ ♦❢ t♦t❛❧ ❢❛❝t♦r ♣r♦❞✉❝t✐✈✐t② ❝❛❧❝✉❧❛t❡❞ ❢♦❧❧♦✇✐♥❣ t❤❡ ❉❡ ▲♦❡❝❦❡r ✭✷✵✵✼✮
❛♣♣r♦❛❝❤✳ ❲❡ ✉s❡ ✈❛❧✉❡ ❛❞❞❡❞ ❛s ❛ ♣r♦①② ❢♦r ♦✉t♣✉t✱ ✐♥❝❧✉❞✐♥❣ ✐♥ t❤❡ ❡st✐✲
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